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Abstract 
The influence of high intensity ultrasound on the structure-function relationship of BSA 
sonicated at various sonication times at neutral, acidic and basic pH was determined. 
Protein solutions (3 x 10-4 M) were treated with high-intensity ultrasound at an ultrasonic 
intensity of 20 Wcm-2 with treatment times ranging from 0 to 90 minutes. Changes in 
structure-function properties of BSA were monitored using a wide variety of biochemical 
and physicochemical analytical methods including interfacial tensiometry, free sulfhydryl 
group assays, zeta potential analysis, hydrophobicity assays, circular dichroism 
spectroscopy, micro DSC and FTIR. The results were attributed to mechanical and 
chemical changes in the fundamental protein structure due to cavitational events 
generated by high-intensity ultrasound. Hence, the results of this study contribute to a 
better understanding of the interaction of high-intensity ultrasound waves with proteins.  
The results of the first part of this study showed that application of high intensity 
ultrasound increased the rate of adsorption of bovine serum albumin (BSA) at the air-
water interface both in the short-term and long-term range of the adsorption kinetics. The 
rate of adsorption increased with increasing sonication duration. Possible structural 
modifications were monitored using microDSC to investigate phase transitions, Ellman’s 
assay to determine free sulfhydryl content, zeta-potential analyses to measure surface 
charge of BSA, photon correlation spectroscopy to determine particle size, blue native 
PAGE to identify presence of monomeric and/or polymeric units and finally FT-IR 
spectroscopy to determine the content of secondary structural elements. Results indicated 
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that application of high-intensity ultrasound caused subtle structural changes in BSA and 
consequently altered its functional properties. 
In the second part of the study, the influence of pH on the ultrasound-influenced 
structure-function modification of BSA was investigated. The interfacial activity of BSA 
generally increased with increasing sonication time, independently of solvent pH. 
Nevertheless, solvent pH itself had an influence on interfacial activity of BSA i.e. 
equilibrium surface tension values and diffusion rates calculated from the short- and 
long-term solution of the adsorption kinetics model varied with both pH and ultrasonic 
duration. The changes in the structure-function relationship of native protein upon 
ultrasonication were related to the pH-dependent isomerization states of BSA. The 
findings in the pH-sonication experiments supported previous findings that suggest the 
formation of a modified intermediate structure that enhanced the short-term and long-
term surface activity of BSA at the air-solvent interface. 
In conclusion, the results indicate that ultrasonication of proteins does not lead to a 
complete loss of structure of proteins but instead yields a complex, biopolymer and 
solvent specific alteration of the underlying molecular structure of the treated biopolymer 
where functionalities may be preserved or even enhanced. As such, the study also offers 
an explanation as to previously observed changes in enzyme functionality upon 
ultrasonication. 
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1 Introduction 
In addition to their contribution to human nutrition, proteins are functional ingredients 
that can affect organoleptic, kinesthetic, hydration, surface and rheological/textural 
properties of foods, pharmaceuticals, and health-care products (Phillips, Whitehead et al. 
1994; Dickinson 1995; McClements 2002). Protein functionality is a direct manifestation 
of protein structure and molecular interactions. Protein structure-functionality 
relationship can be modified enzymatically, chemically, genetically or physically 
(Richardson, Oh et al. 1992; Dickinson 1995; Damodaran 1996; Hayakawa, Linko et al. 
1996; Galazka, Dickinson et al. 2000) However, in the area of food chemistry and 
technology, protein functionality has always been among the most inconsistently and 
ambiguously defined topics (Pour-El 1981). Thus the establishment of methods and/or 
gathering of data to monitor possible changes in structure of proteins and in structure-
function relationships due to chemical, enzymatic or physical modification have been a 
key goal of food scientists. 
High-intensity ultrasonication has been defined as the application of high-intensity 
sound waves of low frequency that range from 20 to several hundred kHz range. 
Cavitation and hot spot formation due to interaction of sound waves with solvent 
molecules have been attributed to the changing properties of materials (Crum 1995; 
Stephanis 1997). Presence of hot spots has been thought to be the origin of chemical 
reactions that are initiated during ultrasound treatments (Crum 1995). High-intensity 
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ultrasound led to oxidation reactions (Richards, 1993) and altered the bulk properties of 
biological macromolecules (Seshadri 2003).  
BSA (bovine serum albumin) is a model protein for food systems and has been 
thoroughly investigated due to its physiological importance and functionality. Main 
physiological, genetic and physicochemical properties have been well-characterized 
(Peters 1996).  
The aim of this study was to demonstrate the influence of high-intensity ultrasound 
treatment on the structure-functionality relationship of BSA. The study includes 
investigations on the interfacial activity of ultrasonically treated BSA, how it is affected 
(i.e. enhanced) by and the underlying structural modifications that may contribute to the 
observed changes in interfacial functionality, finally the influence of pH in combination 
with ultrasonication on the structure-functionality relationship was investigated to 
provide information about the pH-dependence of the ultrasound treatment and support the 
hypotheses of a modified structure of BSA. 
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2 Literature Review 
2.1 High-Intensity Ultrasonication Treatment 
Sonochemistry dates back to 1927 when Richards and Loomis described two types of 
chemical reactions: 1. using ultrasound to accelerate chemical reactions and 2. redox 
precesses in aqueous solution. First type of reactions is of interest in preparative 
chemistry while the second type may play a role in the irradiation of biologically 
important molecules in aqueous media. The third type of sonochemical reaction was the 
degradation of a biological polymer as described by Brohult in 1937. The fourth type of 
reaction introduced was the decomposition of organic liquids. The first observations on 
chemical reactions in organic solutions were made in the early 1950s because of the 
dogma which stated that only water could be decomposed by ultrasonic waves to yield H2 
and H2O2 and that organic solvents were resistant to ultrasound (Henglein 1987). The 
sound ranges employed can be divided into two categories: (1) high frequency and low 
energy, diagnostic ultrasound in the MHz range, and (2) low frequency and high energy, 
power ultrasound in the kHz range (Mason, Paniwnyk et al. 1996). Most of the older 
work in sonochemistry was carried between intensities of 1 and 5 Wcm-2. In most recent 
sonochemical studies intensities of the order of tens of Wcm-2 are often used (Henglein 
1987). More recently, the interest of food scientists has turned to the use of high intensity 
ultrasound in processing (Mason, Paniwnyk et al. 1996). High-intensity (power) 
ultrasound (≤ 0.1 MHz, 10 - 100 W cm-2) is an efficient food processing and preservation 
technology. Application of ultrasound with or without heat, is increasingly used in the 
food industry, e.g., denaturation of enzymes, extraction of organic compounds from 
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plants and seeds, tenderization of meat and emulsification (Mason, Paniwnyk et al. 1996). 
Ultrasound can be used to improve classical processing operations such as solvent 
extraction of components incorporated in agricultural raw materials. This enhancement is 
due to increased penetration of both solvent and solute under the influence of high-
intensity ultrasound. Sonication-aided extraction can be performed at low temperatures, 
increasing the efficiency of the extraction while preserving the quality of the extract 
(Fukase, Ohdaira et al. 1994). In heterogeneous liquid systems, cavitation causes 
disruption and mixing, thus forming emulsions with reduced droplet sizes. High intensity 
ultrasound applied with or without heat is an efficient method to reduce the size of fat 
globules in milk (Villamiel and Jong 2000). All these examples illustrate clearly, that 
ultrasound can be used in a wide range of applications in the food industry. 
2.2  Structure-Functionality Relationships of Proteins 
2.2.1  Molecular Structure of Proteins 
Globular proteins have compact structures that are roughly spherical in shape (Creighton 
1993). Most globular proteins used as functional ingredients in the food industry have a 
molecular weight of 10 to 100 kDa (Damodaran 1998). Despite being highly compact, 
globular proteins are highly dynamic, with the polypeptide chain and side groups 
fluctuating between many different conformations (Onuchic, Luthey-Schulten et al. 1997; 
Freire 1998). The structures adopted by a globular protein depends on a delicate balance 
of physicochemical phenomena, including, hydrophobic interactions, electrostatic 
interactions,hydrogen bonding, Van der Waals forces and configurational entropy 
(Damodaran 1996). The main driving force behind the formation and stabilization of the 
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compact structure of globular proteins is hydrophobicity, which is the tendency for the 
system to reduce the contact area between non-polar groups and water (Tanford 1991). 
Globular proteins tend to adopt conformations in which non-polar amino acids are 
located primarily in the interior away from water, whereas polar amino acids are located 
primarily on the exterior where they can form hydrogen bonds and electrostatic 
interactions with water. The compact structure of the protein is usually reinforced by the 
ability of amino acids to form hydrogen bonds with neighboring amino acids within the 
structure’s interior. Ultimately, type, number and distribution of amino acids along the 
protein chain, as well as the environmental conditions determine the structure of a protein 
(Creighton 1993). 
Globular proteins are used as functional ingredients in foods for a variety of 
different reasons, e.g., enzyme catalysis, flavor modulation, gelation, water holding, 
thickening, emulsification, and foaming (Phillips, Whitehead et al. 1994; Damodaran 
1996; Nakai and Modler 1996). At the molecular level, these functional attributes are 
determined by the ability of the proteins to bind other molecules, to undergo 
conformational changes, to self-associate and to adsorb to interfaces. Different proteins 
have different molecular properties (size, shape, flexibility, surface chemistry) and thus 
they have different functional properties. To understand the molecular basis of protein 
functionality, detailed information about the conformation and interactions of protein 
molecules is needed. The temperatures, pressures, mechanical stresses and solution 
compositions experienced by proteins in foods vary widely, and consequently the 
conformation of a protein in a food may be very different from that in its native state. The 
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availability of more information about protein structure under different processing 
conditions would considerably advance our understanding of protein functionality in food 
systems. 
2.2.2  Surface Activity of Proteins 
Proteins are large complex amphiphilic molecules containing ionic, polar and nonpolar 
regions. The amphiphilic character of proteins is the underlying foundation for their 
surface activity, which is the ability of proteins to adsorb to boundaries that separate two 
or more phases (Dickinson 1999; Dickinson 1999; Dickinson 1999). A protein dispersed 
in an aqueous solution which is in contact with another bulk phase (air or oil) will 
partition between the bulk aqueous solution and the interfacial region according to its 
concentration and surface activity (Adamson 1990). This partitioning can be described in 
terms of the change in surface or interfacial tension as a function of temperature, and the 
concentration of the protein in the bulk aqueous phase. As the protein concentration in 
the aqueous phase increases, the surface tension decreases due to an increase in the 
protein concentration at the surface (until the surface becomes saturated with protein). 
Many globular proteins undergo conformational changes after adsorption to an air-water 
or oil-water interface (Dickinson 1992; Dalgleish 1996). These structural alterations can 
promote interactions between neighboring proteins (e.g. hydrophobic or ionic bonds) 
leading to the formation of a viscoelastic interfacial region. 
2.2.3  Solubility in Aqueous Medium 
The water solubility of a protein is determined by the magnitude of its interactions with 
other protein molecules compared to its interactions with solvent and co-solvent 
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molecules (Damodaran 1996; Damodaran and Xu 1996). If protein-solution interactions 
are more favorable than protein-protein and solution-solution interactions, the protein 
molecule prefer to be surrounded by solution rather than by each other and the protein 
tends to be soluble. On the other hand, if protein-solution interactions are less favorable 
than protein-protein and solution-solution interactions, protein molecules prefer to be 
surrounded by other protein molecules rather than by solution molecules and so the 
protein tends to precipitate. The magnitude of protein-protein, protein-solution and 
solution-solution interactions depends on the molecular characteristics of the protein, 
environmental conditions, and solution composition. Usually, the water-solubility of a 
protein decreases as its surface hydrophobicity increases and its net electrical charge 
decreases (Damodaran 1996). 
2.2.4 Enzymatic Activity 
Enzymes are globular proteins that accelerate the rate of specific biochemical reactions 
(Creighton 1993) The protein molecule eventually returns to its original conformation 
once the conversion of the substrate to the product has taken place. Enzymes normally 
undergo one or more temporary changes in their molecular conformation during the time 
that they bind the various ligand molecules involved in the reaction (Creighton 1993). 
Because adsorption causes a conformational change, enzyme activity of proteins 
decreases in the adsorbed state. Early adsorbing proteins tend to exhibit a large loss of 
enzyme activity whereas late adsorbing proteins tend to retain more enzyme activity due 
to less unfolding and more participation in loosely held multi-layers (Dickinson 1992). 
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2.2.5  Formation of Gels 
Gelation and structure formation are important functional properties of food proteins in 
many processed or natural foods, such as gelatin, egg white and meat products. In these 
products proteins contribute to the solid or elastic properties of the food system by 
formation of an orderly, three-dimensional network of associated or aggregated protein 
molecules which may physically entrap large amounts of water within the matrix 
(Kinsella 1982; Kinsella 1984). The formation of a protein gel is a two-step process. The 
first step involves a change in conformation (usually heat-induced) and the second step is 
the gradual association or aggregation of the individual denatured proteins. During the 
association step an exponential increase in viscosity occurs as the material approaches to 
a continuous network. This network of protein aggregates displays some of the 
characteristics of an elastic solid. For a successful network formation and stabilization, a 
critical balance between attractive and repulsive forces must be present (Kinsella 1984). 
A thermoplastic gel melts and flows upon heating. Examples of thermoplastic gels 
are gelatin, peanut arachin and lysozyme. A thermoset gel on the other hand is formed 
upon heating and thereafter cannot be remelted without destroying the primary structure 
of the original protein molecules. The general mechanism for formation of thermoset 
whey-protein gels involves the formation of a covalent network of intermolecular 
disulphide bonds. The initial network of disulphide bonds is reinforced by the formation 
of noncovalent interactions which provide additional crosslinks. Thus, means such as 
heating or urea causes dissociation of the β-lactoglobulin dimers with some 
conformational changes that expose the free thiol groups, which then engage in thiol-
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disulphide interchange to form the three dimensional matrix. The rate of exposure of 
these thiol groups can change the firmness of the gel network (Kinsella 1984). 
2.2.6  Formation of Foams 
Foams consist of a condensed continuous phase (liquid as in whipped cream and ice 
cream or solid as in bread) and a gaseous dispersed phase (Dickinson 1982; Dickinson 
1992). Globular proteins are widely used in the food industry to facilitate the formation 
and stabilization of foams (Damodaran 1996). The quality attributes of foams, such as 
appearance, texture and stability, are determined by the size and concentration of the gas 
bubbles distributed throughout the continuous phase (Damodaran 1996). Protein 
molecules rapidly adsorb to the surfaces of freshly formed bubbles, reducing the 
interfacial tension. Once adsorbed to the surface of gas bubbles protein molecules protect 
them from merging with each other by generating repulsive forces between the bubbles, 
e.g., electrostatic, steric and hydration repulsion. Many globular proteins undergo 
conformation changes after they have been adsorbed to the surface of a bubble promoting 
the formation of intermolecular protein-protein interactions, often through hydrophobic 
and disulfide bonds. As a result of these protein interactions the membrane surrounding 
the gas bubbles becomes highly viscoelastic and resistant to deformation (Dickinson 
1999). 
2.2.7  Formation of Emulsions 
Globular proteins are commonly used as emulsifiers in oil-in-water food emulsions 
because of their ability to adsorb to oil-water interfaces and protect oil droplets against 
aggregation (Dickinson 1994; Dalgleish 1996; Dickinson 1999). For a protein to be an 
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effective emulsifier, it must adsorb rapidly to the surface of oil droplets created during 
homogenization. To act as an effective emulsifier a protein must be capable of rapidly 
adsorbing at the surface of a newly created oil droplet during homogenization, reduce the 
interfacial tension (to facilitate further droplet disruption) and form a protective 
membrane (to prevent droplets from aggregating) (McClements 1999). Protein adsorption 
lowers the interfacial tension facilitating droplet disruption and reducing the energy 
required to generate small droplets. The creation of a protein membrane around the 
droplets also prevents the droplets from coalescing with each other during the 
homogenization process. After homogenization, the adsorbed protein film must be 
capable of imparting long-term stability to food emulsions against droplet coalescence 
and flocculation. The stability of an emulsion depends on the relative magnitude of the 
attractive and repulsive interactions between the droplets, e.g., van der Waals, steric, 
electrostatic, hydrophobic interactions (McClements 1999). Often globular proteins 
partially unfold after they adsorb to the surface of emulsion droplets because of the 
change in their thermodynamic environment (Dickinson 1991; McClements, Monahan et 
al. 1993). This unfolding promotes enhanced protein-protein interactions because 
unfolding leads to increased exposure of reactive amino acid side groups that favor 
hydrophobic interactions and disulfide bond formation. Enhanced protein-protein 
interaction between proteins adsorbed to the same droplet cause an increase in the 
viscoelasticity of the interfacial membrane (Dickinson 1991) 
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2.3  The Physical Aspects of Ultrasonication Treatment 
The effect of ultrasound is related to cavitation, heating, dynamic agitation, shear stresses, 
and turbulence (Floros and Liang 1994; Fukase, Ohdaira et al. 1994; Mason and 
Cordemans 1996; Mason, Paniwnyk et al. 1996). Application of power ultrasound, at 
frequencies between 20 kHz and 100 kHz, causes chemical and physical changes in a 
viscous medium by cyclic generation and collapse of cavities. The increased pressure and 
temperature in the vicinity of these cavities is the basis for the observed chemical and 
mechanical effects. Cavitation bubbles generate localized hot spots at temperatures of 
approximately 4000 K and pressures of 100 MPa. Lifetime of a cavitational bubble may 
be as short as 0.1 m.s-1. The cooling rate of a bubble could be above 1010 K.s-1 (Floros 
and Liang 1994). The rapid bubble collapse produces shear forces in the surrounding bulk 
liquid and these shear forces are strong enough to break covalent bonds in polymeric 
materials that are dissolved in the bulk phase. The collapse of cavitation bubble has 
significant mechanical effects in heterogeneous solid-liquid systems, where the collapse 
produces a highly turbulent fluid flow comparable to the flow situation encountered in a 
liquid jet with speeds as high as 110 m.s-1 (Mason, Lorimer et al. 1992). 
2.4  States in Protein Folding That Affect Functionality 
2.4.1  The Native State 
When the environmental conditions are changed, the number of protein molecules that 
exist in various specific conformational states may be altered, that is more protein 
molecules may exist in a configuration which is different from the configuration assumed 
by protein molecules when exposed to an elevated pressure. Generally speaking, proteins 
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can be either in a native or a denatured state. The native state is the conformation adopted 
by a protein under standard environmental conditions, i.e., the conditions encountered in 
its natural environment. The denatured state is a conformation that protein molecules 
adopt when their chains are completely unfolded to form a highly flexible random coil. 
Recent studies have shown that globular proteins can have structural intermediates that 
exist between the two boundary states, i.e., native and denatured state. These intermediate 
structural conformations are referred to as molten globule states (Holt 2000). 
2.4.2  The Denatured State 
The functional properties of food proteins often depend on the protein molecules 
undergoing a transition from one state to another. For example, the protein molecule may 
have to undergo a transition from a folded to an unfolded state or from a non-adsorbed to 
an adsorbed state. To a first approximation, this type of transitions can be represented as 
equilibrium between two states (Timasheff 1993). The conformation of a protein at a 
particular temperature depends on the balance between the factors that favor the folded 
state and the factors that favor the unfolded state. These factors include hydrophobic 
interactions, electrostatic interactions, hydrogen bonds, Van der Waals forces, steric 
interactions and configurational entropy effects (Creighton 1993; Damodaran 1996). The 
protein will exist in those kinetically accessible states that have the lowest free energies 
under the prevailing environmental conditions. The major factor stabilizing the native 
state of globular proteins is believed to be the hydrophobic effect. The molecule tends to 
adopt a compact arrangement that minimizes thermodynamically unfavorable 
hydrophobic interactions by having the non-polar amino acids located in the interior and 
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polar amino acids located at the exterior (Tanford 1991). The major factor favoring the 
denatured state of globular proteins is configurational entropy which increases with 
increasing temperature. Globular proteins therefore tend to unfold when they are heated 
above a certain temperature because the forces favoring the denatured state (i.e., 
configurational entropy) increase compared to those favoring the native state (i.e., 
hydrophobic interactions).  
Denaturation causes pronounced changes in the molecular and functional 
characteristics of proteins (Kilara 1996). Subsequent to unfolding, proteins display 
reduced stability and increased hydrophobicity because more nonpolar residues become 
exposed to the aqueous phase (Phillips, Whitehead et al. 1994). Thermal treatment is one 
of the most important processing operations used in the manufacture of foods containing 
globular proteins, e.g. pasteurization, sterilization, cooking, freezing, chilling (Loncin 
1979). Many globular proteins unfold when their temperature is either increased above a 
particular temperature (heat-denaturation) or decreased below a particular temperature 
(cold-denaturation). Various other processing operations, such as high pressure treatment, 
dehydration, whipping and homogenization, may also cause protein molecules to unfold 
(McClements, Monahan et al. 1993; Allison, Randolph et al. 1998; Iametti, Donnizzelli et 
al. 1998; Allison, Chang et al. 1999; Iametti, Donnizzelli et al. 1999; Clarkson, Cui et al. 
2000). The thermal denaturation of many globular proteins can be represented by the 
following equilibrium (Creighton 1993): 
N D→←  (2.1) 
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Here, N represents the native state and D represents the denatured state. This equilibrium 
is characterized by a free energy change N DG →∆ and equilibrium constant N DK → : 
N DG →∆ = - RT ln ( N DK → ) (2.2) 
where 
[ ]
[ ]N D
D
K
N→
=  (2.3) 
The definition of the equilibrium constant N DK → depends on the type and nature of 
the physicochemical process taking place, i.e., unfolding, ligand binding, self-association 
or adsorption. The equilibrium is also characterized by denaturation temperature Tm, 
which is the temperature where the concentrations of the native and denatured states of 
the protein are equal ( N DK → =1; N DG →∆ = 0) (Creighton 1993). 
2.4.3  The Molten Globule State 
The molten globule state is an equilibrium state of protein molecules, intermediate 
between their native and unfolded states. Molten globule states have been observed under 
equilibrium conditions and as a kinetic intermediate of refolding in some proteins. This 
intermediate has been found for many proteins under mild denaturing conditions, such as 
moderately low or high pH, high temperatures or pressure or in the presence of moderate 
concentrations of urea or guanidium hydrochloride. The protein molecule in the molten 
globule state is almost as compact as in the native state and has a loosely packed non-
polar core (Vassilenko and Uversky 2002). It is usually characterized by an intensive far-
UV circular dichroism spectrum which suggests the existence of a pronounced secondary 
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structure (Kuwajiyama 1989). The secondary structures of many proteins in molten 
globule state have been studied and α-helix and β-sheet content of proteins in the molten 
globule state have been found similar to those in the native state (Hirose, Nishizawa et al. 
1990; Hirose 1993; Cornec, Kim et al. 2001).  
On the other hand, the transformation of the protein molecule from the native to the 
molten globule state results in the loss of rigid tertiary structure which can be 
characterized by the loss of CD signal in the near-UV region (Kuwajiyama 1989). Cornec 
and coworkers studied the adsorption of α-lactalbumin in the molten globule state and 
observed an increased rate of adsorption at the air-water interface compared to the rate of 
adsorption of the protein molecule in the native state (Cornec and Narsimhan 1998; 
Cornec, Cho et al. 1999). They also observed that the tertiary structure was lost in the 
molten globule state while the secondary structure was preserved (Kharakoz and 
Bychkova 1997; Cornec, Kim et al. 2001) Kharakoz and Bychkova and Cornec (1997; 
2001) studied the molten globule state of α-lactalbumin using densitometric and 
ultrasonic techniques. They demonstrated that the hydrophobic core in the molten globule 
state is highly hydrated and much looser than the core of the native protein molecule. A 
significant decrease in tertiary contacts in the molten globule state has also been observed 
for hen lysozyme using CD and NMR studies (Chen 1996). 
2.5  Factors That Affect the Efficiency of High-Intensity Ultrasonication 
2.5.1  Medium Temperature 
Mason and coauthors investigated the effect of medium temperature on the efficiency of 
particle size reduction using ultrasonication (Mason, Lorimer et al. 1992). They observed 
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a decrease in intensity of ultrasonic power from 79 to 23 Wcm-2 as the temperature 
increased from 0 to 90 ºC. This inverse relation between temperature and ultrasonic 
power was explained by the increase in vapor pressure of the solvent resulting in a 
delayed time of collapse of air bubbles. 
2.5.2  Solvent Conditions 
Vapor pressure, viscosity and surface tension of the solvent have an important influence 
on the ultrasonic power intensity. Solvent volume is another important parameter 
effecting ultrasonic power intensity. One would expect that for a specific ultrasonic 
intensity, the sonochemical effect would decrease as the solvent volume increases. 
However, Mason observed an increased ultrasonic power input and more pronounced 
sonochemical effects as the amount of solvent treated with ultrasound was increased 
(Mason, Lorimer et al. 1992). 
2.5.3  Presence of Gases in Sonication Medium 
The efficiency of ultrasound is a result of the generation and collapse of cavities. The 
introduction of gas cavities (bubbles) into a system increases the number of nucleation 
sites. This results in a more uniform energy distribution throughout the system. 
Monoatomic gases with high specific heat capacities such as argon have yielded 
improved cavitational effects (Mason, Lorimer et al. 1992). 
2.5.4  Other Factors 
A small yet significant change in sonication intensity was also observed as the geometry 
of the vessel and the position of the probe tip in the solvent was changed. However, there 
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is little information available on the subject of penetration depth, particularly with respect 
to the rheological properties of the bulk material, which may impact the generation of 
cavities (Mason, Lorimer et al. 1992). 
2.6  Influence of Ultrasonication on Protein Function and Structure  
2.6.1  Denaturation of Proteins 
Colloidal milk proteins and fat globules can absorb ultrasound energy and reflect 
ultrasonic waves. It has been reported that ultrasound denatures whey proteins in milk 
and denaturation was higher in whole milk than in skim milk. Denaturation of α-
lactalbumin and β-lactoglobulin in milk was higher when ultrasound treatment was 
applied in combination with heat. This synergistic effect was more pronounced in whole 
milk than in skim milk where the solids concentration was high and the protein 
concentration was low. Synergism between heat and ultrasound was explained by the 
reduction in viscosity of the heated milk resulting in a better penetration of ultrasound 
into the liquid (Villamiel and Jong 2000). Fukase and coworkers studied the effect of 
ultrasonic power on extraction of soy proteins from soybeans and found that cavitation 
caused denaturation of soy proteins. The degree of denaturation was proportional to the 
ultrasonic intensity (Fukase, Ohdaira et al. 1994). However they did not investigate the 
surface properties of ultrasound treated soy proteins. 
2.6.2  Deactivation of Enzymes 
Enzyme deactivation using ultrasound was reported first by Chambers in 1937 and the 
enzyme studied was pepsin (Mason, Paniwnyk et al. 1996). Several mechanisms have 
been proposed to be responsible for the observed inactivation of enzymes by high-
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intensity ultrasound. Possibly the deactivation effect is caused by mechanical damage due 
to collapse of cavities. This has been supported by the observation that shear stresses and 
turbulences produced by ultrasound degrade biopolymers with high molecular mass 
(Vercet, Lopez et al. 1998; Vercet, Burgos et al. 2001).  
Enzyme deactivation using power ultrasound depends on the type of enzyme, 
equipment and conditions used as well as the composition of the bulk phase in which the 
enzyme is dispersed. The effect of ultrasound increases with increasing solid 
concentrations and decreases with increasing enzyme concentrations. For example, 
higher concentrations of solids in whole milk than skim milk results in increased 
ultrasound efficiency and thus improve enzyme inactivation (Villamiel and Jong 2000). 
Vercet and coworkers studied the deactivation of lipase and protease by 
manothermosonication, which is the application of ultrasound in combination with heat 
and mild pressure treatments. They reported synergistic effect of heat and ultrasound on 
enzyme deactivation (Vercet, Lopez et al. 1998).  
2.7  Summary 
Despite the profound knowledge in its applications in chemistry, high-intensity 
ultrasound is a new technology to the food industry and academia. Even though 
improvement of many processes such as extraction, drying and emulsification using 
ultrasound has been interest of a number of researchers, there are no studies conducted on 
the particular effects of ultrasound on proteins. The only type of study informative on the 
application of ultrasound on food proteins is on ultrasound assisted enzyme inactivation. 
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Thus, the impact of ultrasound on the adsorption characteristics of proteins at interfaces is 
not established in the current literature.  
Food proteins are of great importance to many food systems for their functional 
properties. Many of these functions depend on their interfacial properties, i.e., their 
ability to rapidly adsorb and form strong, viscoelastic films at these interfaces. Utilizing 
high-intensity ultrasound as a non-thermal processing method to modify proteins may be 
a way of obtaining food proteins with desired interfacial properties. In an era of non-
thermal food processing, high-intensity ultrasound applications can be of great interest to 
food technologists to modify protein functionality. Therefore, conducting studies on the 
high-intensity applications on well-known proteins under controlled treatment conditions 
is necessary. 
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3. Materials and Methods 
3.1  Materials  
3.1.1  Protein 
Bovine serum albumin (Fraction V, min. 98%) was purchased from Sigma Chemicals. 
BSA contains 35 half-cysteines (i.e. 17 disulfide bridges and 1 free sulfhydryl group at 
residue 34), has a globular tertiary structure and its secondary structure element consists 
of mainly α-helices (Peters 1985; Peters 1996). The protein had been fractionated by heat 
shock, de-lipidized and dialyzed but was not completely fatty acid free.  
3.1.2  Solvents 
10x PBS (phosphate buffered saline) solution was purchased from BioWhittaker. HPLC 
grade water was obtained from Fluka. Sodium hydroxide and deuterium oxide (99.9 atom 
% D for Fourier-Transform Infrared Spectroscopy) was purchased from Sigma Chemical 
Company. Hydrochloric acid was obtained from Fisher Scientific. 
3.1.3  Reactants and Probes 
Fluorescent probes 1-(anilino)-naphtalene-8-sulphonate (ANS-) and 6-propionyl-2-(N,N-
dimethyl-amino) naphthalene (PRODAN) probes were obtained from Molecular Probes. 
For Ellman`s assay, DTNB [5,5`-dithio-bis(2-Nitrobenzoic acid)], anhydrous mono- and 
dibasic sodium phosphate (> 99% purity) were purchased from Sigma Chemicals. L-
cysteine hydrochloride monohydrate, potassium chloride (min. 99% purity), acrylamide 
40% stock (acyrlamide:bis-acrylamide = 37.5:1), bis-acrylamide, bistris/HCl, TEMED 
(N,N,N',N'-Tetramethylethylenediamine) and tricine were purchased from Fisher 
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Scientific. Coomassie blue G-250 and APS were obtained from Sigma Chemical 
Company. Aminocaproic acid and glycerol were purchased from Avocado Research 
Chemicals and JT Baker, respectively.  
3.2.  Methods 
3.2.1  Solution Preparation 
Unless otherwise stated, 3 x 10-4 M BSA solutions were prepared in 0.1x PBS solutions. 
Solution pH of 7.4 was verified with a pH Meter (MP220, Mettler-Toledo). To remove 
additional impurities, stock protein solutions were passed through a filter with 0.22 µm 
pore width (Millipore Corporation). All BSA solutions were prepared at room 
temperature at least two hours prior to use and were stirred thoroughly to ensure proper 
hydration of proteins. Solutions were stored at 4ºC in a refrigerator and used within a day. 
All solutions were prepared with distilled and deionized water (Milli-Q, Millipore 
Corporation). 
3.2.2  High-Intensity Ultrasound Treatment 
An ultrasonic processor (Model 550, Misonix Incorporated, Farmingdale, NY) with a ½ 
inch stainless steel probe was used to sonicate 30 ml of protein solutions in 50 ml 
centrifuge tubes that were immersed in a temperature-controlled water bath (Lauda RM6, 
Germany). The solutions were treated at a power setting of 7 for 0, 15, 30 and 45 minutes. 
The ultrasonic intensity of the generated ultrasonic wave at this power setting was 20 
Wcm-2 which was determined calorimetrically by measuring the temperature rise of the 
sonicated solution under adiabatic conditions (Mason, Lorimer et al. 1992). 
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3.2.3  Dynamic Surface Tension Analysis 
A drop shape analyzer was used to measure the adsorption kinetics of protein solutions 
(Model DSA-G10, MK2, Kruss USA) at the air-solvent interface. An air bubble was 
formed at the inverted tip of a syringe that was submerged in a temperature-controlled 
cuvette containing the protein solution. The syringe/cuvette system was positioned on an 
optical bench between a light source and a high-speed charge coupled device (CCD) 
camera. The CCD camera was connected to a video frame-grabber board to record the 
image onto the hard drive of a computer at a speed of 1 frame per second. The shape of 
pendant drops or bubbles was determined through numerical analysis of the entire drop 
shape. The interfacial tension was then calculated from the drop shape using the Young-
Laplace equation of capillarity (Dukhin 1995). The accuracy of surface tension 
measurements was ± 0.01 x 10-3 N/m. The methodology requires accurate determination 
of solution densities, which were measured using a digital density meter (DMA 35N, 
Anton Paar Physica). The accuracy of density measurements using the DMA 35N was 
0.001± gcm-3. All surface tension measurements were carried out in triplicates at a 
controlled temperature of 20 ± 0.1 °C. Results for surface tension measurements were 
interpreted in terms of surface pressure (π = γs- γp). Surface pressure is defined as the 
decrease in surface tension of a pure solvent caused by the addition of the protein where 
γs is the surface tension of the aqueous buffer solution (72.2 x 10-3 Nm-1 at 23 °C with a 
pH of 7.4) and γp is the surface tension of the protein solution.  
To analyze the process of adsorption, the dynamic surface tension data were fitted to 
a diffusion-controlled adsorption kinetics model. The adsorption kinetics of surface 
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active molecules at liquid-liquid interfaces under diffusion-controlled conditions has been 
described by Ward and Tordai (1946). We used asymptotic solutions for 0t →  and 
t →∞  as described by Miller and Fainerman to calculate diffusion coefficients (Miller et 
al. 2001a; Miller et al. 2001b). At 0t →  and for low protein concentrations short-term 
solution for the diffusion coefficient is given as: 
2
1
4 0
dD
RTc d t to
π γ   =     →   (3.1) 
where D is diffusion coefficient (m2s-1), R the universal gas constant (8.2143 Jmol-1K-1), 
T the temperature in K, t time in seconds, co the bulk concentration (mol m-3) and γ the 
surface tension in Nm-1. For t →∞ , using Gibbs equation in derivation (Dukhin 1995), 
one obtains the long-term solution for the diffusion coefficient: 
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3.2.4 Circular Dichroism Spectroscopy 
Far-UV CD spectra of BSA solutions at a concentration of 3 x 10-7 M were obtained from 
the difference in adsorption of left and right-circularly polarized light recorded between 
190 and 260 nm at 25°C using a spectropolarimeter (Aviv 202, Aviv Instruments) with a 
bandwidth of 1 nm, an averaging time of 3 seconds and a path length of the sample cell 
of 1 mm. Spectra were represented as mean residue ellipticity based on the average 
molecular weight (66,000 Da), number of amino acid residues (582) and concentration (3 
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x 10-7 M) of BSA solution. The spectrum of 0.1 M PBS was used as a blank and 
subtracted from the average of three spectra to obtain a corrected spectrum for each 
sample. Spectra were deconvoluted using the deconvolution software CDNN2.1 (Böhm, 
Muhr et al. 1992) to obtain information about the secondary structure of BSA. 
3.2.5  Surface Hydrophobicity 
A modified method of Kato and Nakai (1980) was used to determine surface 
hydrophobicity. Stock solutions of 8 x 10-3 M ANS-, 3 x 10-4 M PRODAN and 2 wt% (3 
x 10-4 M) protein solutions were prepared in phosphate buffer (pH=7.4, I=0.1 M) and 
wrapped in aluminum foil to prevent exposure to light. Sodium azide (0.02%) was added 
as an antimicrobial agent to the buffer solution. BSA solutions were diluted in ANS- and 
PRODAN stock solutions to give a range of concentrations, i.e., 2, 4, 6, 8, 14, 20, 26, 32, 
38, 48 and 58 µl were added to 3 ml ANS- stock solution and 10, 20, 30, 40, 50 and 60 µl 
were added to 8 ml PRODAN stock solution. The solutions were thoroughly mixed and 
their relative fluorescence intensity (RFI) was measured at 25 ± 0.5ºC using a 
fluorescence spectrophotometer (Perkin-Elmer, LS 50B). Excitation and emission 
wavelengths of 365 nm and 390 to 620 nm with a slit width of 2.5 nm were used for 
ANS-, and 365 nm and 380-620 nm with a slit width of 5 nm for PRODAN. The slope of 
the normalized RFI (RFIsample+probe - RFIsample) at the maximum fluorescence intensity 
wavelength as a function of the percentage of protein concentration was used to calculate 
the protein surface hydrophobicity So. 
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3.2.6  Micro Differential Scanning Calorimetry (MicroDSC) 
The influence of sonication on the thermal denaturation of BSA solutions was measured 
using a high-sensitivity differential scanning calorimeter (VP-DSC, MicroCal) with a 
sample cell volume of 0.5153 ml. The heat flow between a sample cell containing the 
protein solution and a reference cell containing the buffer solution was recorded as a 
function of sample temperature from 10 to 90°C at a scanning rate of 60 and 6 °C/h. 
Thermal differences between the two cells were accounted for by subtracting water-water 
scans from each of the reference-sample scan. Excess molar heat capacities cp,xs were 
calculated by normalizing the measured change in heat as a function of time dQ/dT with 
respect to the molar concentration Mp of protein in the cell, i.e. cp,xs = 1/Mp [dQ/dT] 
Denaturation enthalpies were calculated by integration of dQ/dT using the Origin 6.0 
software. All measurements were carried out in triplicates. It should be noted that heat 
capacities may be positive or negative depending on whether the heat capacity of protein 
solution is smaller or larger than that of the reference material. After each run, cells were 
extensively cleaned using HPLC grade water, detergent (Contrad 70) and concentrated 
nitric acid when necessary to remove protein depositions inside the cell from previous 
runs.  
3.2.7  Ellman`s Assay to Determine Amount of Free Sulfhydryl 
Ellman`s Assay was used to determine potential changes in thiol content of BSA upon 
ultrasonication. The assay relies on the reaction of thiols with the chromogenic DTNB 
(5,5’-dithiobis-2-nitrobenzoate) to form the yellow dianion of 5-thio-2-nitrobenzoic acid. 
500 µl of native and ultrasonicated protein solution were added to 2.5 ml 0.1 M 
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phosphate buffer, pH 8 followed by rapid addition of 50 µl of 0.4% Ellman`s reagent. 
Samples were then vortexed and incubated at room temperature for 15 minutes. 
Absorbance at 412 nm was measured using a UV-visible spectrophotometer (UV-1, 
Unicam). The calibration curve for free sulfhydryl group content in BSA was determined 
by measuring absorbance of cysteine solutions between 10 and 250 mM to obtain a 
standard curve of mol/mol cysteine equivalency. Ellman`s Assay was also used to 
determine potential changes in thiol content of BSA upon changes in pH of medium. For 
pH values other than pH 8, phosphate buffer of the same ionic strength was prepared and 
pH adjustment was carried out using concentrated HCl and NaOH to minimize the effect 
of reduction in reactant concentration in the reaction cuvettes. The absorbance of TNB 
(2-nitro-5-thiobenzoicacid, the final product of DTNB reaction) decreased below a pH of 
6, so the absorbance for buffer blanks of all pH values and TNB standards were carefully 
measured and taken into account during the calculations of cysteine equivalency. All 
measurements were repeated four times and standard deviations of absorbance values 
were generally below 0.02.  
3.2.8  Zeta-Potential Analysis 
A Zeta potential analyzer was used to determine alterations in surface charge of BSA 
after treatment with high-intensity ultrasound. Solutions of 3 x10-4 M BSA were prepared 
in 25 mM KCl solution to ensure sufficiently high conductivities. Solution pH was 
adjusted between 5 and 12 using 0.1 M HCl and NaOH solutions. The electrophoretic 
mobility of BSA molecules was measured by light scattering at 20°C at an applied 
voltage of 0.2V with a He-Ne laser (λ=632 nm) at a scattering angle of 90°. The zeta 
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potential was then calculated from Henry’s equation which assumes a spherical shape of 
particles (Hunter 1993). All experiments were conducted in triplicates and 10 readings 
per sample were collected.  
3.2.9  Blue Native Polyacrylamide Gel Electrophoresis (PAGE) 
PAGE was used to monitor possible dimer formation between BSA monomers due to the 
application of high-intensity ultrasound (Schägger and von Jagow 1991; Schägger, 
Cramer et al. 1994). Controls consisted of reference BSA dimers and monomers 
produced with reduced and oxidized glutathione. A 5 to 18% gradient separation gel was 
prepared at room temperature using the standard concentrations of acrylamide, 
bisacyrylamide, gel buffer, glycerol, ammonium persulfate and TEMED (Schägger and 
von Jagow 1991; Schägger, Cramer et al. 1994). After complete gelation of the gradient 
gel (~30 min.), the sample gel was added. The cathode buffer contained 50 mM Tricine, 
15 mM Bistris/HCl, pH 7.0 and 0.02% (w/v) Coomassie Brilliant Blue G-250. Since 
Coomassie Blue G-250 resulted in immediate staining of the solution, no post staining 
was required. Anode buffer contained 50 mM Bistris/HCl at pH 7.0. Gel buffer contained 
150 mM Bistris/HCl, 1.5 M aminocaproic acid pH 7.0. All stock solutions were kept at 
4ºC. After regular sample preparation and sonication, samples were diluted using 60% 
glycerol and 50 mM Bistris/HCl at pH 7. To optimize the separation efficiency, various 
concentrations of sample, glycerol and Bistris/HCl were used during the trial runs. After 
completion of the initial trial runs, the total amount of protein was kept constant in all 
lanes. Electrophoresis was carried out using a vertical electrophoresis apparatus. To 
prevent denaturation of the protein samples, the apparatus was kept in ice during the run. 
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The sample gel was run at 100 V and when samples were within the separation gradient 
gel, the voltage was increased to 500 V and the current kept constant at 15 mA. 
Electrophoresis duration was typically 2 to 2.5 hours. Stained gels were destained 
overnight in destaining solution. 
3.2.10  Photon Correlation Spectrosopy 
The particle size distribution for sonicated and native BSA molecules was measured 
using photon correlation spectroscopy (NanoTrac 250, MicroTrac). Mean diameter d32 (= 
particle volume per unit area) were calculated for sonicated and native BSA solutions as: 
3
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where di is the diameter for a particular frequency, ni is the number of particles in the size 
interval. After each sample, the external probe was extensively cleaned with both HPLC 
grade water and detergent solutions to remove remnants of previous samples. All 
experiments were conducted in triplicates.  
3.2.11  Fourier-Transform Infrared (FTIR) Spectroscopy 
Infrared absorbance spectra of BSA solutions were measured to obtain information about 
changes in the secondary structure of BSA and/or reduction in free sulfhydryl content. 
BSA solutions (3 x 10-4 M) were prepared in D2O and after 2 hours of thorough shaking 
were kept at 4°C for 24 hours (Fang and Dalgleish 1998). Samples were then lyophilized 
(Genesis 12 EL, Virtis). Hydration/lyophilization was repeated three times and the 
samples were rehydrated in D2O. IR spectra of liquid samples were then measured using 
a Fourier transform infrared spectrometer (Nexus 670, Thermo Nicolet) with ATR 
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accessory at samples temperatures of approx. 4-6°C. FTIR spectra were recorded 
between 500 and 4000 cm-1 and analyzed in the Amide I (~1650 cm-1) and thiol band 
(~2550 cm-1). 
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4. Structural and Functional Changes in High-Intensity 
Ultrasonicated Bovine Serum Albumin 
4.1  Abstract 
The effects of high-intensity ultrasonication on the functional and structural properties of 
aqueous bovine serum albumin (BSA) solutions were investigated. The functional 
properties of BSA were clearly altered by ultrasonication, as demonstrated by a 
significant increase in the surface activity of BSA using dynamic interfacial tensiometry. 
We have investigated the structural basis of this increased surface activity using a wide 
range of biochemical and biophysical methods including: surface hydrophobicity 
measurements, chemical analysis for free sulfhydryls, blue native PAGE, differential 
scanning calorimetry, zeta potential analysis, photon correlation spectrophotometry, 
FTIR and circular dichroism spectrophotometry. Despite the pronounced changes in 
surface activity of BSA following ultrasonication, only subtle changes were observed in 
the global structure of BSA using these methods. However, there were clear increases in 
zeta-potential due to sonication particularly at high pH values. Although dynamic light 
scattering measurements revealed that the particle size diameter increased up to 3.4 times 
after 90 minutes of sonication, we observed no significant increase in the oligomeric state 
of BSA using blue native PAGE. This increased particle size may be related to the 
significant decrease the amount of free sulfhydryl groups in BSA after 90 minutes of 
sonication, suggesting the formation of altered inter- or intra-molecular disulfide bond 
formation or possibly other chemical reactions with sulfhydryls. Circular dichroism 
spectroscopy and FTIR analysis indicated subtle changes in secondary structure of BSA. 
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We suggest that subtle, ultrasonication-induced structural changes in BSA, can promote a 
pronounced change in the functional properties of the macromolecule which may be 
attributed to the formation of a specific ultrasonically-induced state that distinctly differs 
from a thermally, mechanically or solvent induced state with altered structure-function 
relationships. 
4.2  Introduction 
An emerging processing technology increasingly used in chemical synthesis, preparation 
of pharmaceuticals and food processing is high-intensity ultrasonication. High-intensity 
ultrasonication is based on the interaction of sound waves with frequencies ranging from 
16 kHz to several hundred kHz with biological or synthetic materials (Mason, Paniwnyk 
et al. 1996). In contrast to non-destructive, diagnostic ultrasound with frequencies in the 
MHz range; application of high-intensity ultrasonic waves may alter material properties. 
The thermal, mechanical and chemical effects of high-intensity ultrasound have been 
attributed to the rapid formation and collapse of cavitational bubbles generating intense 
normal and shear stresses (Crum 1995; Stephanis 1997). These bubbles collapse in the 
positive pressure cycle and produce highly turbulent flow conditions and extremely high 
pressures and temperatures. Transient temperatures of up to 5000 K and pressures up to 
1200 bar have been calculated (Bernstein 1996). Activity of acoustic waves has been 
reported to initiate heterogeneous reactions in the absence of interfering solvents (Kardos 
2001). Cavitational thermolysis may produce hydroxyl radicals and hydrogen atoms that 
can be followed by formation of hydrogen peroxide and, in the absence of oxygen, 
hydroperoxyl radicals (Portenlänger 1994; Cains 1998; Ashokkumar 1999). 
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Consequently, high-intensity ultrasound has been used to initiate and accelerate radical-
driven reactions such as ring-open polymerization, modify system morphologies that 
develop for example during crystallization, and accelerate mass transport processes that 
are of importance in mixing, extraction and drying (McClements 1995; Mason and 
Cordemans 1996; Mason, Paniwnyk et al. 1996; Seshadri 2003; Li, Pordesimo et al. in 
press).  
High-intensity ultrasound treatments have also been shown to alter bulk properties 
of biological macromolecules. Increasingly, the application of high-intensity ultrasound 
to modify carbohydrate structure and functionality is being studied. For example, 
hydrolysis and cleavage has been reported for a variety of polysaccharides (Kardos 2001). 
Sonication of starch led to formation of shorter chain molecules and reducing sugars 
(Tomasik 1995). Partially depolymerized dextrans, of great interest to the pharmaceutical 
industry, were produced via sonochemical degradation of native dextrans (Price 1990). 
The homolytical/heterolytical mid-chain splitting of dextran together with a 
recombination of the fragments led to a narrower mass distribution.  
The effect of high-intensity ultrasound on the structural and functional properties of 
proteins has been less studied. Generally, the functional properties of proteins (e.g. 
organoleptic, kinesthetic, hydration, interfacial, enzymatic and rheological properties) 
which are of key interest to manufacturers of pharmaceutical, food and cosmetic products, 
are influenced by their molecular structure that determines inter- and intramolecular 
interactions e.g. formation of covalent and/or non-covalent bonds (McClements 1995). 
The delicate structure-function relationship in proteins may be altered during processing 
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due to the initiation of chemical and/or enzymatic reactions that include oxidation, 
glycosylation, hydroxylation, phosphorylation, methylation and acylation; increases or 
decreases in process temperature that alter system enthalpy and enthropy and the 
application of mechanical forces such as high pressure or shear (Damodaran 1996; 
Hayakawa, Linko et al. 1996; Galazka, Dickinson et al. 2000). Because of the mechanism 
of action of high-intensity ultrasound, one would expect alterations in both structure and 
function of proteins upon application of high-intensity ultrasound but reported results on 
for example alterations of enzymatic activity varied (Barton, Bullock et al. 1996; Wang 
and Sakakibara 1997; Özbek and Ülgen 2000; Vargas, Piao et al. 2004). Özbek and 
Ülgen (2000) reported a 70% inactivation of glucose-6-phosphate dehydrogenase with 
inactivation being affected by the sonication time while alkaline phosphatase under the 
same circumstances remained fully active. On the other hand, Barton and coauthors 
reported an increase in invertase activity in sugar hydrolysis upon ultrasonication, which 
was explained by improvements in mixing (Barton, Bullock et al. 1996). Vargas recently 
reported similar results for invertase activity from Aspergillus niger and argued that 
enzyme activity was not altered but that the enzyme was released in higher quantities 
from cells which resulted in an acceleration of sugar hydrolysis (Vargas, Piao et al. 2004). 
Determinations of changes in enzyme structure after ultrasonication were not performed.  
The objective of this study was to begin a more systematic investigation of selected 
structural and functional properties in proteins using bovine serum albumin (BSA) as a 
model protein to obtain a better understanding of the physicochemical effects of high-
intensity ultrasound on this important class of biological macromolecules. 
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4.3 Materials and Methods 
4.3.1.  Materials 
Protein. Bovine serum albumin (Fraction V, min. 98%) was purchased from Sigma 
Chemicals. BSA contains 35 half-cysteines (i.e. 17 disulfide bridges and 1 free sulfhydryl 
group at residue 34), has a globular tertiary structure and its secondary structure element 
consists of mainly α-helices (Peters 1996). The protein had been fractionated by heat 
shock, de-lipidized and dialyzed but was not completely fatty acid free.  
Solvents. 10x PBS (phosphate buffered saline) solution was purchased from 
BioWhittaker. HPLC grade water was obtained from Fluka. Sodium hydroxide and 
deuterium oxide (99.9 atom % D for Fourier-Transform Infrared Spectroscopy) was 
purchased from Sigma Chemical Company. Hydrochloric acid was obtained from Fisher 
Scientific. 
Reactants and Probes. Fluorescent probes 1-(anilino)-naphtalene-8-sulphonate (ANS-) 
and 6-propionyl-2-(N,N-dimethyl-amino) naphthalene (PRODAN) probes were obtained 
from Molecular Probes. For Ellman`s assay, DTNB [5,5`-dithio-bis(2-Nitrobenzoic acid)], 
anhydrous mono- and dibasic sodium phosphate (> 99% purity) were purchased from 
Sigma Chemicals. L-cysteine hydrochloride monohydrate, potassium chloride (min. 99% 
purity), acrylamide 40% stock (acyrlamide:bis-acrylamide = 37.5:1), bis-acrylamide, 
bistris/HCl, TEMED (N,N,N',N'-Tetramethylethylenediamine) and tricine were 
purchased from Fisher Scientific. Coomassie blue G-250 and APS were obtained from 
Sigma Chemical Company. Aminocaproic acid and glycerol were purchased from 
Avocado Research Chemicals and JT Baker, respectively.  
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4.3.2  Methods 
Solution Preparation. Unless otherwise stated, 3 x 10-4 M BSA solutions were prepared 
in 0.1x PBS solutions. Solution pH of 7.4 was verified with a pH Meter (MP220, Mettler-
Toledo). To remove additional impurities, stock protein solutions were passed through a 
filter with 0.22 µm pore width (Millipore Corporation). All BSA solutions were prepared 
at room temperature at least two hours prior to use and were stirred thoroughly to ensure 
proper hydration of proteins. Solutions were stored at 4ºC in a refrigerator and used 
within a day. All solutions were prepared with distilled and deionized water (Milli-Q, 
Millipore Corporation). 
High-Intensity Ultrasound Treatment. An ultrasonic processor (Model 550, Misonix 
Incorporated, Farmingdale, NY) with a ½ inch stainless steel probe was used to sonicate 
30 ml of protein solutions in 50 ml centrifuge tubes that were immersed in a temperature-
controlled water bath (Lauda RM6, Germany). The solutions were treated at a power 
setting of 7 for 0, 15, 30 and 45 minutes. The ultrasonic intensity of the generated 
ultrasonic wave at this power setting was 20 Wcm-2 which was determined 
calorimetrically by measuring the temperature rise of the sonicated solution under 
adiabatic conditions (Mason, 1992). 
Dynamic Surface Tension Analysis. A drop shape analyzer was used to measure the 
adsorption kinetics of protein solutions (Model DSA-G10, MK2, Kruss USA) at the air-
solvent interface. An air bubble was formed at the inverted tip of a syringe that was 
submerged in a temperature-controlled cuvette containing the protein solution. The 
syringe/cuvette system was positioned on an optical bench between a light source and a 
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high-speed charge coupled device (CCD) camera. The CCD camera was connected to a 
video frame-grabber board to record the image onto the hard drive of a computer at a 
speed of 1 frame per second. The shape of pendant drops or bubbles was determined 
through numerical analysis of the entire drop shape. The interfacial tension was then 
calculated from the drop shape using the Young-Laplace equation of capillarity (Dukhin 
1995). The accuracy of surface tension measurements is ± 0.01 x 10-3 N/m. The 
methodology requires accurate determination of solution densities, which were measured 
using a digital density meter (DMA 35N, Anton Paar Physica). The accuracy of density 
measurements using the DMA 35N was 0.001± gcm-3. All surface tension measurements 
were carried out in triplicates at a controlled temperature of 20 ± 0.1 °C. Results for 
surface tension measurements were interpreted in terms of surface pressure (π = γs- γp). 
Surface pressure is defined as the decrease in surface tension of a pure solvent caused by 
the addition of the protein where γs is the surface tension of the aqueous buffer solution 
(72.2 x 10-3 Nm-1 at 23 °C with a pH of 7.4) and γp is the surface tension of the protein 
solution.  
Circular Dichroism Spectroscopy. Far-UV CD spectra of BSA solutions at a 
concentration of 3 x 10-7 M were obtained from the difference in adsorption of left and 
right-circularly polarized light recorded between 190 and 260 nm at 25°C using a 
spectropolarimeter (Aviv 202, Aviv Instruments) with a bandwidth of 1 nm, an averaging 
time of 3 seconds and a path length of the sample cell of 1 mm. Spectra were represented 
as mean residue ellipticity based on the average molecular weight (66,000 Da), number 
of amino acid residues (583) and concentration (3 x 10-7 M) of BSA solution. The 
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spectrum of 0.1 M PBS was used as a blank and subtracted from the average of three 
spectra to obtain a corrected spectrum for each sample. Spectra were deconvoluted using 
the deconvolution software CDNN2.1 (Böhm, Muhr et al. 1992) to obtain information 
about the secondary structure of BSA. 
Surface Hydrophobicity. A modified method of Kato and Nakai (1980) was used to 
determine surface hydrophobicity. Stock solutions of 8 x 10-3 M ANS-, 3 x 10-4 M 
PRODAN and 2 wt% (3 x 10-4 M) protein solutions were prepared in phosphate buffer 
(pH=7.4, I=0.1 M) and wrapped in aluminum foil to prevent exposure to light. Sodium 
azide (0.02%) was added as an antimicrobial agent to the buffer solution. BSA solutions 
were diluted in ANS- and PRODAN stock solutions to give a range of concentrations, i.e., 
2, 4, 6, 8, 14, 20, 26, 32, 38, 48 and 58 µl were added to 3 ml ANS- stock solution and 10, 
20, 30, 40, 50 and 60 µl were added to 8 ml PRODAN stock solution. The solutions were 
thoroughly mixed and their relative fluorescence intensity (RFI) was measured at 25 ± 
0.5ºC using a fluorescence spectrophotometer (Perkin-Elmer, LS 50B). Excitation and 
emission wavelengths of 365 nm and 390 to 620 nm with a slit width of 2.5 nm were 
used for ANS-, and 365 nm and 380-620 nm with a slit width of 5 nm for PRODAN. The 
slope of the normalized RFI (RFIsample+probe - RFIsample) at the maximum fluorescence 
intensity wavelength as a function of the percentage of protein concentration was used to 
calculate the protein surface hydrophobicity So. 
Micro Differential Scanning Calorimetry (MicroDSC). The influence of sonication on 
the thermal denaturation of BSA solutions was measured using a high-sensitivity 
differential scanning calorimeter (VP-DSC, MicroCal) with a sample cell volume of 
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0.5153 ml. The heat flow between a sample cell containing the protein solution and a 
reference cell containing the buffer solution was recorded as a function of sample 
temperature from 10 to 90°C at a scanning rate of 60 and 6 °C/h. Thermal differences 
between the two cells were accounted for by subtracting water-water scans from each of 
the reference-sample scan. Excess molar heat capacities cp,xs were calculated by 
normalizing the measured change in heat as a function of time dQ/dT with respect to the 
molar concentration Mp of protein in the cell, i.e. cp,xs = 1/Mp [dQ/dT] Denaturation 
enthalpies were calculated by integration of dQ/dT using the Origin 6.0 software. All 
measurements were carried out in triplicates. It should be noted that heat capacities may 
be positive or negative depending on whether the heat capacity of protein solution is 
smaller or larger than that of the reference material. After each run, cells were extensively 
cleaned using HPLC water, detergent (Contrad 70) and concentrated nitric acid when 
necessary to remove protein depositions inside the cell from previous runs.  
Ellman`s Assay to Determine Amount of Free Sulfhydryl. Ellman`s Assay was used to 
determine potential changes in thiol content of BSA upon ultrasonication. The assay 
relies on the reaction of thiols with the chromogenic DTNB (5, 5’-dithiobis-2-
nitrobenzoate) to form the yellow dianion of 5-thio-2-nitrobenzoic acid. 500 µl of native 
and ultrasonicated protein solution were added to 2.5 ml 0.1 M phosphate buffer, pH 8 
followed by rapid addition of 50 µl of 0.4% Ellman`s reagent. Samples were then 
vortexed and incubated at room temperature for 15 minutes. Absorbance at 412 nm was 
measured using a UV-visible spectrophotometer (UV-1, Unicam). The calibration curve 
for free sulfhydryl group content in BSA was determined by measuring absorbance of 
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cysteine solutions between 10 and 250 mM to obtain a standard curve of mol/mol 
cysteine equivalency. All measurements were repeated four times and standard deviations 
of absorbance values were generally below 0.02.  
Zeta-Potential Analysis. A Zeta potential analyzer was used to determine alterations in 
surface charge of BSA after treatment with high-intensity ultrasound. Solutions of 3 x10-4 
M BSA were prepared in 25 mM KCl solution to ensure sufficiently high conductivities. 
Solution pH was adjusted between 5 and 12 using 0.1 M HCl and NaOH solutions. The 
electrophoretic mobility of BSA molecules was measured by light scattering at 20°C at 
an applied voltage of 0.2V with a He-Ne laser (λ=632 nm) at a scattering angle of 90°. 
The zeta potential was then calculated from Henry’s equation which assumes a spherical 
shape of particles (Hunter 1993). All experiments were conducted in triplicates and 10 
readings per sample were collected.  
Blue Native Polyacrylamide Gel Electrophoresis (PAGE). PAGE was used to monitor 
possible dimer formation between BSA monomers due to the application of high-
intensity ultrasound (Schägger and von Jagow 1991; Schägger, Cramer et al. 1994). 
Controls consisted of reference BSA dimers and monomers produced with reduced and 
oxidized glutathione. A 5 to 18% gradient separation gel was prepared at room 
temperature using the standard concentrations of acrylamide, bisacyrylamide, gel buffer, 
glycerol, ammonium persulfate and TEMED (Schägger and von Jagow 1991; Schägger, 
Cramer et al. 1994). After complete gelation of the gradient gel (~30 min.), the sample 
gel was added. The cathode buffer contained 50 mM Tricine, 15 mM Bistris/HCl, pH 7.0 
and 0.02% (w/v) Coomassie Brilliant Blue G-250. Since Coomassie Blue G-250 resulted 
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in immediate staining of the solution, no post staining was required. Anode buffer 
contained 50 mM Bistris/HCl at pH 7.0. Gel buffer contained 150 mM Bistris/HCl, 1.5 M 
aminocaproic acid pH 7.0. All stock solutions were kept at 4ºC. After regular sample 
preparation and sonication, samples were diluted using 60% glycerol and 50 mM 
Bistris/HCl at pH 7. To optimize the separation efficiency, various concentrations of 
sample, glycerol and Bistris/HCl were used during the trial runs. After completion of the 
initial trial runs, the total amount of protein was kept constant in all lanes. Electrophoresis 
was carried out using a vertical electrophoresis apparatus. To prevent denaturation of the 
protein samples, the apparatus was kept in ice during the run. The sample gel was run at 
100 V and when samples were within the separation gradient gel, the voltage was 
increased to 500 V and the current kept constant at 15 mA. Electrophoresis duration was 
typically 2 to 2.5 hours. Stained gels were destained overnight in destaining solution. 
Photon Correlation Spectrosopy. The particle size distribution for sonicated and native 
BSA molecules was measuring using photon correlation spectroscopy (NanoTrac 250, 
MicroTrac). Mean diameter d32 (= particle volume per unit area) were calculated for 
sonicated and native BSA solutions as: 
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where di is the diameter for a particular frequency, ni is the number of particles in 
the size interval.. After each sample, the external probe was extensively cleaned with 
both HPLC water and detergent solutions to remove remnants of previous samples. All 
experiments were conducted in triplicates.  
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Fourier-Transform Infrared (FTIR) Spectroscopy. Infrared absorbance spectra of 
BSA solutions were measured to obtain information about changes in the secondary 
structure of BSA and/or reduction in free sulfhydryl content. BSA solutions (3 x 10-4 M) 
were prepared in D2O and after 2 hours of thorough shaking were kept at 4°C for 24 
hours (Fang and Dalgleish 1998). Samples were then lyophilized (Genesis 12 EL, Virtis). 
Hydration/lyophilization was repeated three times and the samples were rehydrated in 
D2O. IR spectra of liquid samples were then measured using a Fourier transform infrared 
spectrometer (Nexus 670, Thermo Nicolet) with ATR accessory at samples temperatures 
of approx. 4-6°C. FTIR spectra were recorded between 500 and 4000 cm-1 and analyzed 
in the Amide I (~1650 cm-1) and thiol band (~2550 cm-1). 
4.4 Results and Discussion 
4.4.1 Influence of High-Intensity Ultrasonication on Surface Activity of BSA 
BSA solutions (3 x 10-4 M, pH 7.4, 0.1 x PBS) were ultrasonicated for 15, 30 and 45 
minutes. The surface tension of these solutions diluted to a protein concentration of 1 x 
10-6 M was measured as a function of time. The surface pressure, that is the relative 
decrease in surface tension due to the addition of the protein, was calculated. Figure 4.1a 
shows the surface pressure of all solutions plotted as a function of the square root of the 
adsorption time. The surface pressure of native protein increases with adsorption time, 
which has been explained by the increase in concentration of protein adsorbed within the 
interface followed by rearrangements and unfolding of protein molecules (surface 
denaturation) (Dukhin 1995). The surface pressure of ultrasonicated protein solutions 
increases more rapidly with adsorption time compared to the time-dependent increase in 
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surface pressure of native protein. The acceleration of the increase in surface pressure in 
the initial phase of the adsorption process became more pronounced as the sonication 
time increased, i.e. after 100 seconds; the surface pressure was 3.2, 7.7, 14.2 and 17.1 
mN/m for native, 15, 30 and 45 min. sonicated samples, respectively.  
The change in adsorption behavior of proteins with ultrasonication in the latter stage 
of the adsorption process is shown in Figure 4.1b. Here, the surface pressure was plotted 
as a function of the reciprocal of the square root of the adsorption time for the native and 
sonicated solutions. The surface pressure of the 45-minute sonicated BSA solution 
reached a maximal value of 23.2 mN/m for the longest adsorption time. As the sonication 
decreased, the quasi-equilibrium surface pressure (that is the surface pressure at the 
longest measured adsorption time) decreased to 21.8, 18.5 and 12.5 mN/m for 45, 30 and 
15-min. sonicated and the native sample, respectively.  
Figure 4.1a and 4.1b correspond to a plot of the short-term and long-term solution of 
the Ward and Tordai equation, which for ideal surfactants predict a linear relationship 
between (1) the surface pressure and the square of the adsorption time in the initial stage 
and (2) the surface pressure and the reciprocate of the square root of the adsorption time 
in the latter stage of the adsorption process (Dukhin 1995). While these asymptotic 
solutions are not strictly applicable to proteins because of their unfolding and rearranging 
that may occur after adsorption and require substantial amount of time, they offer a 
convenient way of illustrating the changes in surface activity that are caused by the 
treatment of BSA with high-intensity ultrasound. Both figures illustrate that the overall 
surface activity of BSA increases as the protein molecules are exposed to the  
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Figure 4.1  Surface pressure of native and 15, 30 and 45 min. sonicated (20 Wcm-2) 
BSA solutions as a function of (a) square root of the adsorption time 
(short-term adsorption kinetics) and (b) the reciprocal of the square root of 
the adsorption time (long-term adsorption kinetics). All solutions were 
prepared at pH 7.4 with a BSA concentration of 1.10-6 M in 0.1 x PBS 
buffer. 
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physicochemical effects of ultrasound, i.e. ultrasonicated BSA lowers the surface tension 
and reaches a quasi-stationary equilibrium value more rapidly than native BSA. The 
enhancement in short-term and long-term surface activity of BSA suggest that the overall 
driving force for adsorption increases i.e. the reduction in free energy of the system upon 
adsorption increases. This may be either related to a change in the initial state of the 
protein or a change of the adsorbed state of the protein. The initial state of the protein 
may be altered if the protein is partially or completely denatured, that is an increasing 
amount of hydrophobic groups are exposed to the polar solvent. Alternatively, the 
structure of the protein may be altered through chemical reactions that could be a 
consequence of the radicals generated by the ultrasound-induced cavitation. 
4.4.2  Influence of High-Intensity Ultrasonication on Thermal Properties of BSA 
The thermal stability of native and ultrasonicated BSA solutions was investigated using 
ultra-sensitive scanning microcalorimetry. Thermal scans of freshly prepared, degassed 
native and 15, 30 and 45 minutes ultrasonicated BSA solutions (3 x 10-4 M, pH 7.4, 0.1 x 
PBS) were conducted between 20 and 90°C. Figure 4.2 shows the mass normalized 
excess heat capacity of the BSA solutions after subtraction of the buffer scan as a 
function of temperature. In all scans, a single endothermic transition between 55 and 
85°C was observed corresponding to an unfolding of the protein molecules. Secondary 
heating of protein solution indicated full thermal denaturation of all samples after the first 
heating indicating that protein unfolding was irreversible (data not shown). From the 
thermal scans, the denaturation temperature of samples Tm and the denaturation enthalpy 
∆Hd was calculated (Table 4.1). Variations in denaturation temperature between native  
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Figure 4.2 Temperature dependence of molar excess heat capacity for native and 15, 
30, 45 min. sonicated BSA solutions. Sonication intensity is 20 Wcm-2. 
All solutions were prepared at pH 7.4 at a BSA concentration of 3.10-4 M 
in 0.1 x PBS buffer. 
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Table 4.1  Denaturation temperatures and enthalpies for native and 15, 30 and 45 minute 
sonicated BSA samples calculated from heat flow versus temperature data.  
Treatment Tm [ C] ∆Hd [kJ/mol] 
Native 70.78 892.95 
15 min. 70.89 624.64 
30 min. 70.92 611.37 
45 min. 70.91 762.59 
 
and ultrasonicated samples were not significant, i.e. all sample had a peak transition 
temperature of approximately 71°C which is in fair agreement with report on 
commercially available BSA that was shown to irreversibly denature around 73ºC (Baier 
et al. 2004). The denaturation enthalpy of native proteins was larger than the denaturation 
enthalpy of the sonicated samples, i.e. the denaturation enthalpy decreased from 892 
kJ/mol to 624, 611 and 762 for 15, 30 and 45 minute ultrasonicated samples, respectively; 
indicating that less energy is required to cause an unfolding of ultrasonicated BSA 
samples. Interestingly, treatment of protein solutions with high-intensity ultrasound did 
not result in full denaturation of proteins.  
Our results rather suggest that proteins become slightly more susceptible to the 
heat treatment as evidenced by the decrease in the denaturation enthalpy. In a recent 
study by Celej and coauthors (2003) the denaturation temperature and enthalpy for fatty 
acid free BSA was found to be 59ºC and 134 (kcal/mole), respectively for 50 µM BSA 
solutions. Authors suggested that the binding of ligands such as ANS derivatives and 
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fatty acids has a tendency to increase the thermostability of BSA (Gumpen, Hegg et al. 
1979; Li-Chan 1998; Alizadeh-Pasdar 2000). For example increasing the molar ratio of 
fatty acid to albumin from approximately 0.01 to 8 resulted in an increase in denaturation 
temperature from 68ºC to approximately 90ºC (Gumpen, Hegg et al. 1979). Thus 
ultrasonication of fatty acid free BSA more susceptible to thermal treatments may yield 
different results.  
4.4.3  Influence of High-Intensity Ultrasonication on Surface Hydrophobicity 
The relative fluorescence intensity (RFI) of two different fluorescent dyes was used to 
determine the surface hydrophobicity of BSA as a function of sonication time (Alizadeh-
Pasdar 2000). The fluorescence intensity was measured as a function of BSA 
concentration for native and sonicated protein solutions. Surface hydrophobicity values 
(So) were calculated from the slopes of linear interpolations of RFI versus protein 
concentration using both ANS- and PRODAN surface hydrophobicity probes (Table 4.2). 
So values calculated from the RFI of ANS--BSA complexes did not show a significant 
difference between native and ultrasonicated BSA regardless of sonication time. 
However, the hydrophobicity of BSA molecules measured through formation of 
PRODAN-BSA complexes increased with increasing sonication time i.e. S0 was 393 for 
native BSA compared to 407, 443 and 471 of 15, 30 and 45 minutes ultrasonicated 
samples. The difference in surface hydrophobicity results using PRODAN and ANS- 
could be explained in terms of electrostatic intermolecular interactions between the 
fluorescent probe and the protein. Generally, the binding of charged probes such as ANS- 
is dominated by the electrostatic interactions between probe and protein molecules and  
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Table 4.2  Hydrophobicity (So) of native and 15, 30 and 45 minute ultrasonicated BSA 
solutions (3 x 10-4 M) determined by ANS- and PRODAN probes  at pH 7.4, 
I=0.1 M and 25ºC.  
S0 
Treatment 
ANS- PRODAN 
Native 14666 393 
15 min. 14941 407 
30 min. 14215 443 
45 min. 14547 471 
 
changes in these interactions on can increase or decrease the energy required for probe 
binding (Haskard and Li-Chan 1998). PRODAN on the other hand is an uncharged 
fluorescence probe and binding is less affected by electrostatic interactions (Haskard and 
Li-Chan 1998). The 15% increase in surface hydrophobicity with PRODAN upon 45 
minutes sonication suggest that more hydrophobic groups are becoming exposed to the 
solvent phase. 
The results may offer an explanation for the observed increase in surface activity 
of ultrasonicated proteins. By increasing the number of exposed hydrophobic groups the 
tendency to remove such groups from the solvent phase via adsorption may increase. It 
should be noted though that a 15% increase in hydrophobicity while significant is 
relatively small compared to typical increases observed upon thermal denaturation of 
proteins. For example the hydrophobicity of lysozyme increased 14-fold after the protein  
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was heated to 90°C (Ibrahim, Higashiguchi et al. 1996) and the surface hydrophobicity of 
a molten globule conformation of α-lactalbumin increased by a factor of 15 compared to 
the native form of the protein (Cornec, Kim et al. 2001). 
4.4.4  Influence of High-Intensity Ultrasonication on Surface Charge of BSA  
The zeta potential of native and ultrasonicated BSA solutions was measured as a function 
of pH (Figure 4.3). The overall surface charge of BSA above a pH of 5 was negative and 
its magnitude increased as the pH increased. An extrapolation of the zeta potential value 
to below 5 indicated that the overall charge of BSA approaches zero at an approximate 
pH of 4.7, which corresponds well with the reported isoelectric point of 4.7 for BSA 
(Peters 1996). The application of high-intensity ultrasound generally resulted in an 
increase in the magnitude of the zeta potential. This difference between the zeta potential 
of native and sonicated protein solutions became larger at higher pH values, i.e. the zeta 
potential of native BSA at pH 12 was -27.4 but increased to -31.5, -33.6 and -36.3 for a 
sonication time of 15, 30 and 45 minutes, respectively. The results of the zeta-potential 
measurements seem to further confirm the earlier findings that application of high-
intensity ultrasound causes subtle changes in protein structure and conformation. Clearly, 
for the overall charge of the protein molecule to increase, the number of charged residues 
that are present at the surface of the protein molecule and are exposed to solvent 
molecules must increase. However, the exact cause of this increased exposure is not yet 
entirely clear.  
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Figure 4.3  Zeta potential of native and 15, 30, 45 min. sonicated (20 Wcm-2) BSA 
solutions as a function of pH (5-12). Solutions were prepared in HPLC 
grade water containing 25 mM KCl. 
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4.4.5  Influence of Ultrasonication on Molecular Weight and Size of BSA  
Polyacrylamide gel electrophoresis and dynamic light scattering were employed to 
investigate whether the previously described increases in hydrophobicity and surface 
charge may alter the interaction between protein molecules and lead to the formation of 
dimers or aggregates. Non-denaturing, non-reducing PAGE was used to separate native 
BSA and 15, 30 and 45-minute ultrasonicated BSA (Schägger and von Jagow 1991; 
Schägger, Cramer et al. 1994) (Figure 4.4). BSA controls containing specific monomer 
and dimer contents were produced using oxidized and reduced glutathione redox 
solutions. As Figure 4.4 illustrates, no difference in fractionation between the control and 
the ultrasonicated samples was found and consequently no dimerization was observed.  
Dimerization of BSA after ultrasound treatment was suggested by Hess and 
coworkers in 1964 as a result of ultrasound treatment of BSA which led to an increase in  
the molecular weight of BSA from 66 kDa to 110 kDa but these workers used light 
scattering as their analytical tool (Hess, Chun et al. 1964). 
Using photon correlation spectroscopy, the particle size distributions of native and 
ultrasonicated protein solutions (3 x 10-4 M, pH 7.4, 0.1 x PBS) were measured and mean 
particle sizes d32 were calculated (Figure 4.5). Particle sizes increased at longer 
sonication times (> 30 minutes) suggesting that small aggregates may have been formed. 
As was shown by PAGE however, no dimerization was observed. The results suggest that 
the formation of the aggregates is not due to the formation of covalent bonds between 
protein molecules e.g. due to formation of intermolecular disulfide bridges. Instead, non- 
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Figure 4.4 Separation of native and 15, 30, 45 min. sonicated (20 Wcm-2) BSA 
solutions on native-blue polyacrylamide gel. All solutions were prepared 
at pH 7.4 with a BSA concentration of 3.10-4 M in 0.1 x PBS buffer. 
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Figure 4.5  Mean particle sizes d32 (volume per unit area) of native and 15, 30, 40, 45, 
60 min. sonicated (20 Wcm-2) BSA solutions. Solutions were prepared at 
pH 7.4 at a BSA concentration of 3.10-4 M in 0.1 x PBS buffer. 
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covalent interactions such as electrostatic and hydrophobic interactions may be the 
driving force behind the aggregation.  
4.4.6  Free Sylfhydryl Content of Native and Ultrasonicated Proteins  
The free sulfhydryl content of native and 15, 30 and 45 minute ultrasonicated BSA was 
measured using Ellman’s assay (Ellman 1959) (Figure 4.6). The free sulfhydryl group 
content for native BSA was 0.74 mol/mol cysteine equivalency in agreement with 
literature (Hirose, Nishizawa et al. 1990). The amount of free sulfhydryl groups in BSA 
decreased with increasing sonication time e.g. 31.22% of the initially present sulfhydryl 
groups were lost when the solution was sonicated for 90 minutes. High intensity 
ultrasound may produce transient radical species in the gas phase of the cavities that cross 
react to produce hydrogen peroxide. The reaction of hydrogen peroxide with BSA 
molecules may alter its chemical structure which could contribute to the observed 
changes in functional properties. Cavitation-generated hydrogen peroxide may oxidize 
susceptible functional groups, one of which is the free sulfhydryl group of BSA. The 
change in free sulfhydryl content of BSA as a function of sonication time is a first 
indication that some of the underlying structural change in protein functionality may be 
due to complex chemical reactions that involve oxidation of susceptible functional groups. 
While oxidation of thiol groups typically results in the formation of disulfides, the 
presence of activated oxygen radicals may lead to the formation of sulfinic and sulfonic 
acid (Cecil and McPhee 1959),  
RSH
[O]
RSOH
[O] [O]
RSO2H RSO3H  
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Figure 4.6 Cysteine equivalency of free sulfhydryl groups present in native and 15, 
30, 45, 60 and 90 min. sonicated (20 Wcm-2) BSA solutions. All solutions 
were prepared at pH 7.4 at a BSA concentration of 3.10-4 M in 0.1 x PBS 
buffer. 
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Furthermore, disulfide bonds may be directly oxidized with peroxide to yield 
sulfonic acid: 
RSSR
[O]
RSO3H  
It should be noted though that oxidization and breakage of a large number or even 
all of the disulfide bonds in BSA is unlikely, given the previous experimental evidence 
but a more in-depth investigation focusing on the sulfur chemistry of ultrasonicated 
proteins will be required.  
4.4.7  Mid-Range FTIR spectroscopy of Native and Ultrasonicated BSA  
In order to gain further insight into chemical changes in BSA, the FTIR spectra of native 
and 15, 30, 45 minute ultrasonicated BSA prepared in D2O at wavelength varying 
between 500 and 4000 cm-1 were recorded. D2O was used because our initial experiments 
with freeze-dried BSA solutions prepared in H2O indicated that the remaining H2O 
dominated the FTIR spectra. The measured spectra were analyzed in the Amide I band 
(~1700-1575 cm-1, Figure 4.7) and the thiol band (2575-2525 cm-1, data not shown). A 
slight increase in IR absorbance at 1660 cm-1 with increasing sonication time was found 
(Figure 4.7). Absorption in the amide I region are based on C=O stretching vibrations of 
the amide group weakly coupled to the in-plane N-H bending and C-N stretching modes 
and is indicative of the presence of interactions leading to the formation of secondary 
structure elements (Harris and Chapman 1994).  
Model studies using polyamino acids have related the magnitude of IR adsorption 
in this region to α-helix (1645-1660 cm-1), β-sheet (1665-1680 cm-1) and random coils  
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Figure 4.7 FT-IR spectra of native and 20, 40, 60, 90 min. sonicated BSA solutions in 
the Amide I band. The sonication intensity was 20 Wcm-2. Solutions were 
prepared in D2O after threefold hydration / lyophilization. 
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(1660-1670 cm-1) content (Wharton 1986). The small change in infrared adsorption 
between native and ultrasonicated proteins is a first indication of changes within the 
secondary structure of BSA and suggest an increase in the α-helical content as a 
consequence of high-intensity ultrasound treatment (Chittur 2003). Analysis of the thiol 
band was inconclusive and did not show significant differences in infrared adsorption 
between native and ultrasonicated BSA (data not shown). It should be noted though that 
the polarizability of sulfur is very low and thus low IR absorption around 2550 cm-1 were 
obtained compared to the high overall absorbance in the amide band (Wharton 1986). 
4.4.8  Secondary Structure Analysis of Native and Ultrasonicated BSA Using 
Circular Dichroism Spectroscopy 
Finally, the molar ellipticity of native and 15, 30 and 45 minutes sonicated BSA solutions 
was measured between 190 and 260 nm. The CD spectra of BSA had a positive peak of 
the molar ellipticity at 195 nm and two negative peaks at 208 and 222 nm (data not 
shown). As the sonication time increased from 0 to 45 minutes, the positive peak at 195 
nm increased while the two negative peaks decreased. Generally, the two negative peaks 
correspond to the presence of ordered secondary structure elements that include α-helix 
and β-sheet structures, a fact that has been extensively reported (Woody 1995). The 
molar ellipticity at 222 nm can be used to estimate the percentage of α-helical 
conformation.  
A deconvolution of CD spectra of native and 15,30 and 45-minute sonicated BSA 
solutions based on available spectral data of pure α-helix, β-sheet and random coil 
structures showed changes in the percentages of secondary structure elements (Table 4.3).  
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Table 4.3  Secondary structural content of native and 15, 30 and 45 minute 
ultrasonicated BSA obtained from deconvolution of CD spectra in the far-UV 
region (190-260 nm) at 25ºC using the deconvolution software CDNN2.1 
(Böhm et al. 1992). 
Treatment Α-helix β-sheet β-turns Unordered Total 
Native 61.1 6.2 12.4 22.0 101.7 
15 min. 61.9 5.9 12.5 17.2 97.6 
30 min. 69.2 4.3 11.5 12.5 97.6 
45 min. 74.5 3.4 10.8 9.7 98.5 
 
The deconvolution indicated that a small increase in the percentage of ordered structure 
elements within the protein molecule upon ultrasonication occurred. For example, the 
percentage of α-helix increased from 61.1 to 74.5, while the percentage of β-sheet and β-
turns decreased by 2.8 and 1.6% respectively. The results are in agreement with non-
quantitative data obtained in the FTIR analysis (Figure 4.7). Results from the structure 
analysis are surprising because they indicate a small increase in ordered structure content 
within BSA upon ultrasonication which differs distinctly from any thermal treatments 
where ordered structure is lost (Giacomelli and Norde 2001; Militello, Vetri et al. 2003). 
In the case of thermally induced denaturation of BSA, a percentage reduction from 58 to 
49 in α-helix, 22 to 15 for β-sheet and an increase from 16 to 29 in unordered structures 
has been reported after BSA was subjected to a thermal scan above 90°C (Giacomelli and 
Norde 2001). 
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4.5  Conclusions 
The analysis of changes in BSA structure and functionality upon application of high-
intensity ultrasound demonstrates that the underlying physicochemical mechanisms of 
action of high-intensity ultrasound are highly complex. Our results suggest that contrary 
to other physical treatments such as the application of thermal or mechanical stresses, 
high-intensity ultrasound causes subtle changes in protein structure that alter its bulk 
functionality. The surface activity, surface hydrophobicity and surface charge of 
ultrasonicated BSA increased. Results also indicated aggregation but not dimerization. 
The free sulfhydryl content decreased and secondary structure of proteins became slightly 
more ordered. Based on these results we suggest that application of high-intensity 
ultrasound converts native BSA to a state that resembles a “molten-globule” state. 
Neutron scattering experiments have indicated that in such a state the intramolecular 
mobility of chain segments may be increased. A series of kinetic experiments on our 
ultrasonicated BSA also indicated that the change of state of induced in the proteins was 
irreversible, i.e. the proteins over time did not regain their former structure or function. 
Our results imply that the magnitude of the structural and functional changes 
induced in proteins can be controlled by varying the sonication time. As such, application 
of ultrasound offers a much more refined method to alter protein structure and 
functionality. However, it is clear that the changes are system specific that is that the 
molecular structure of the treated protein is a key factor in determining the outcome of 
the ultrasonication. Overall, this study shows that high-intensity ultrasound may be a tool 
to effectively alter the biological, chemical and physical functionalities of proteins. 
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Potential future applications may include manipulation of protein-phospholipid and 
protein-protein interactions in cells and cell membranes and alteration of functional 
properties such as stabilization of lipid and gas interfaces in emulsions and foams and gel 
network formation.  
62 
5.  The Influence of High-Intensity Ultrasonication on the 
Adsorption Kinetics of Bovine Serum Albumin 
5.1  Abstract 
The influence of solution pH and high-intensity ultrasonication treatment on the 
adsorption kinetics of BSA at the air-solvent interface was investigated. Almost 
regardless of pH, sonication treatment yielded enhancement in the short- and long-term 
surface activity, equilibrium surface pressures and diffusion coefficients of BSA and a 
clear relation between increasing sonication durations and surface activity was observed. 
The highest surface activity was observed around pI (i.e. pH 5) both for native and 
sonicated samples. The influence of sonication treatment was accompanied by subtle 
changes in the molecular structure including increases in the magnitude zeta-potential 
and reduction in free sulfhydryl content. Isomerization states of BSA were proposed as 
the basis of the differences in surface activity of acidic and basic BSA solutions. Solution 
pH has the potential to cause aggregation, yield a loosened structure and reduce free 
sulfhydryl content at basic conditions through dissociation. However, reduction of free 
sulfhydryl groups through dissociation decreased surface activity of BSA, unlike 
reduction through sonication. 
5.2  Introduction 
High-intensity or power ultrasound corresponds to high energy (low frequency) sound 
waves within the range of 20 to 100 kHz. Recent advances extended this range up to 2 
MHz for use in liquid systems (Mason 2001). Cavitation and hot spot formation are the 
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main phenomena that are assumed to explain the mechanisms how ultrasound affects 
materials (Crum 1995; Stephanis 1997). The temperature of the gas in the cavity (i.e. hot 
spot) may reach up to thousands of ºC and as a consequence of bubble collapse high 
pressure waves are formed (Stephanis 1997). Presence of hot spots is thought to be the 
origin for chemical reactions observed during ultrasound treatments (Crum 1995). It has 
the potential to promote oxidation reactions, inhibit enzymatic activity, modify 
crystallization processes, and assist diffusion processes (McClements 1995). High-
intensity ultrasound treatment was previously shown to initiate oxidation reactions 
(Roberts 1993) and alter the bulk properties of biological macromolecules (Seshadri 
2003).  
Besides their amphiphilic structure, it is the conformational state of protein 
molecules that determines their surface-activity. In many cases solvent conditions were 
shown to modify the protein structure, so functionality and adsorption kinetics. Around pI, 
protein molecules attract each other strongly yielding a closely packed interfacial 
structure upon adsorption, also affecting the unfolding characteristics (Dickinson 1995). 
Solution pH has the potential to affect foam formation, as surface pressure development 
is affected by the net charge on proteins (Phillips, Whitehead et al. 1994). The maximal 
emulsification activity for ovalbumin at pH 3 was accompanied with changes in surface 
hydrophobicity, whereas no significant changes in secondary structure were observed 
(Mine 1991). Acidic and highly alkaline media were shown to determine the subunit 
dissociation and air/water adsorption characteristics of soy glycinin (Martin 2002).  
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In our previous studies that were carried out at neutral pH, we have suggested that 
high-intensity ultrasound treatment might be used as a processing tool that might enhance 
the surface-activity of BSA at the solution-air interface. Increases in both equilibrium 
surface pressure and long- and short-term diffusion coefficients were observed. Subtle 
changes in the protein structure were observed including changes in size, charge, free 
sulfhydryl content, secondary structure and surface hydrophobicity characteristics of the 
molecule. We have suggested formation of weak aggregates due to sonication that might 
be justified by modifications in the molecular interactions, reduction in free sulfhydryl 
content that might be related to probable formation of sulfinic and sulfonic acids and 
increase in the magnitude of zeta-potential.  
In this study, we have investigated the effect of pH-sonication (i.e. combination of 
varying medium pH and high-intensity ultrasound treatments) on the adsorption kinetics 
of BSA. Here we report that the effects of sonication treatment on the adsorption kinetics 
were generally independent from pH and demonstrate pH dependence of free sulfhydryl 
content and zeta-potential of BSA to support our previous findings.  
5.3  Materials and Methods 
5.3.1  Materials 
Protein. Bovine serum albumin (Fraction V, min. 98%) was purchased from Sigma 
Chemicals. BSA contains 35 half-cysteines (i.e. 17 disulfide bridges and 1 free sulfhydryl 
group at residue 34), has a globular tertiary structure and its secondary structure element 
consists of mainly α-helices (Peters, 1996). The protein had been fractionated by heat 
shock, de-lipidized and dialyzed but was not completely fatty acid free.  
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Solvents. 10x PBS (phosphate buffered saline) solution was purchased from 
BioWhittaker. HPLC grade water was obtained from Fluka. Sodium hydroxide was 
purchased from Sigma Chemical Company. Hydrochloric acid was obtained from Fisher 
Scientific. 
Reactants. For Ellman`s assay, DTNB [5, 5`-dithio-bis(2-Nitrobenzoic acid)], anhydrous 
mono- and dibasic sodium phosphate (> 99% purity) were purchased from Sigma 
Chemicals. L-cysteine hydrochloride monohydrate and potassium chloride (min. 99% 
purity) were purchased from Fisher Scientific.  
5.3.2  Methods 
Solution Preparation. Unless otherwise stated, 3 x 10-4 M BSA solutions were prepared 
in 0.1x PBS solutions. Solution pH of 7.4 was verified with a pH Meter (MP220, Mettler-
Toledo). To remove additional impurities, stock protein solutions were passed through a 
filter with 0.22 µm pore width (Millipore Corporation). All BSA solutions were prepared 
at room temperature at least two hours prior to use and were stirred thoroughly to ensure 
proper hydration of proteins. Solutions were stored at 4ºC in a refrigerator and used 
within a day. All solutions were prepared with distilled and deionized water (Milli-Q, 
Millipore Corporation). pH adjustment was carried out prior to sonication treatment. 
High-Intensity Ultrasound Treatment. An ultrasonic processor (Model 550, Misonix 
Incorporated, Farmingdale, NY) with a ½ inch stainless steel probe was used to sonicate 
30 ml of protein solutions in 50 ml centrifuge tubes that were immersed in a temperature-
controlled water bath (Lauda RM6, Germany). The solutions were treated at a power 
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setting of 7 for 0, 15, 30 and 45 minutes. The ultrasonic intensity of the generated 
ultrasonic wave at this power setting was 20 Wcm-2 which was determined 
calorimetrically by measuring the temperature rise of the sonicated solution under 
adiabatic conditions (Mason, Lorimer et al. 1992). 
Dynamic Surface Tension Measurement. A drop shape analyzer was used to measure 
the adsorption kinetics of protein solutions (Model DSA-G10, MK2, Kruss USA) at the 
air-solvent interface. An air bubble was formed at the inverted tip of a syringe that was 
submerged in a temperature-controlled cuvette containing the protein solution. The 
syringe/cuvette system was positioned on an optical bench between a light source and a 
high-speed charge coupled device (CCD) camera. The CCD camera was connected to a 
video frame-grabber board to record the image onto the hard drive of a computer at a 
speed of 1 frame per second. The shape of pendant drops or bubbles was determined 
through numerical analysis of the entire drop shape. The interfacial tension was then 
calculated from the drop shape using the Young-Laplace equation of capillarity (Dukhin 
et al. 1995). The accuracy of surface tension measurements was ± 0.01 x 10-3 N/m. The 
methodology requires accurate determination of solution densities, which were measured 
using a digital density meter (DMA 35N, Anton Paar Physica). The accuracy of density 
measurements using the DMA 35N was 0.001± gcm-3. All surface tension measurements 
were carried out in triplicates at a controlled temperature of 20 ± 0.1 °C. Results for 
surface tension measurements were interpreted in terms of surface pressure (π = γs- γp). 
Surface pressure is defined as the decrease in surface tension of a pure solvent caused by 
the addition of the protein where γs is the surface tension of the aqueous buffer solution 
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(72.2 x 10-3 Nm-1 at 23 °C with a pH of 7.4) and γp is the surface tension of the protein 
solution.  
Adsorption Kinetics Analysis. To analyze the process of adsorption, the dynamic surface 
tension data were fitted to a diffusion-controlled adsorption kinetics model. The 
adsorption kinetics of surface active molecules at liquid-liquid interfaces under diffusion-
controlled conditions has been described by Ward and Tordai (1946). We used 
asymptotic solutions for 0t →  and t →∞  as described by Miller and Fainerman to 
calculate diffusion coefficients (Miller et al. 2001a; Miller et al. 2001b). At 0t →  and for 
low protein concentrations short-term solution for the diffusion coefficient is given as: 
2
1
4 0
dD
RTc d t to
π γ   =     →   (5.1) 
where D is diffusion coefficient (m2s-1), R the universal gas constant (8.2143 Jmol-1K-1), 
T the temperature in K, t time in seconds, co the bulk concentration (mol m-3) and γ the 
surface tension in Nm-1. For t →∞ , using Gibbs equation in derivation (Dukhin 1995), 
one obtains the long-term solution for the diffusion coefficient: 
4
1/ 2
2
ln o
d dD RTcod c dt t
γ γπ −
−    =       →∞    (5.2) 
Ellman`s Assay to Determine Amount of Free Sulfhydryl. Ellman`s Assay was used to 
determine potential changes in thiol content of BSA upon ultrasonication and changes in 
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pH of medium. The assay relies on the reaction of thiols with the chromogenic DTNB (5, 
5’-dithiobis-2-nitrobenzoate) to form the yellow dianion of 5-thio-2-nitrobenzoic acid. 
500 µl of native and ultrasonicated protein solutions were added to 2.5 ml 0.1 M 
phosphate buffer, pH 8 followed by rapid addition of 50 µl of 0.4% Ellman`s reagent. For 
other pH values, phosphate buffer of the same ionic strength was prepared and pH 
adjustment was carried out using concentrated HCl and NaOH to minimize the effect of 
reduction in reactant concentration in the reaction cuvettes. Samples were then vortexed 
and incubated at room temperature for 15 minutes. Absorbance at 412 nm was measured 
using a UV-visible spectrophotometer (UV-1, Unicam). The calibration curve for free 
sulfhydryl group content in BSA was determined by measuring absorbance of cysteine 
solutions between 10 and 250 mM to obtain a standard curve of mol/mol cysteine 
equivalency. The absorbance of NTB (the final product of DTNB reaction) is known to 
decrease below a pH of 6 (Guo 1999), so the absorbance for buffer blanks of all pH 
values and NTB standards were carefully measured and taken into account during the 
calculations of cysteine equivalency. All measurements were repeated four times and 
standard deviations of absorbance values were generally below 0.02.  
Zeta-Potential Analysis. A Zeta potential analyzer was used to determine alterations in 
surface charge of BSA after treatment with high-intensity ultrasound. Solutions of 3 x10-4 
M BSA were prepared in 25 mM KCl solution to ensure sufficiently high conductivities. 
Solution pH was adjusted using 0.1 M HCl and NaOH solutions. The electrophoretic 
mobility of BSA molecules was measured by light scattering at 20°C at an applied 
voltage of 0.2V with a He-Ne laser (λ=632 nm) at a scattering angle of 90°. The zeta 
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potential was then calculated from Henry’s equation which assumes a spherical shape of 
particles (Hunter 1993). All experiments were conducted in triplicates and 10 readings 
per sample were collected.  
5.4  Results and Discussion 
5.4.1  Influence of High-Intensity Ultrasonication on Surface Activity of BSA 
After pH adjustment, BSA solutions (3 x 10-4 M, pH 7.4, 0.1 x PBS) were ultrasonicated 
for 15, 30 and 45 minutes. The surface tension of these solutions diluted to a protein 
concentration of 1 x 10-6 M was measured as a function of time. The surface pressure, 
that is the relative decrease in surface tension due to the addition of the protein, was 
calculated. Figure 5.1a-5.1e show the surface pressure of all solutions plotted as a 
function of the square root of the adsorption time (i.e. short-term kinetics). The surface 
pressure of native protein increases with adsorption time, which has been explained by 
the increase in concentration of protein adsorbed within the interface followed by 
rearrangements and unfolding of protein molecules (surface denaturation) (Dukhin 1995). 
The surface pressure of ultrasonicated protein solutions increased more rapidly with 
adsorption time compared to the time-dependent increase in surface pressure of native 
protein for almost all pH values. The acceleration of the increase in surface pressure in 
the initial phase of the adsorption process became more pronounced as the sonication 
time increased, i.e. after 100 seconds; the surface pressure was 3.97, 8.28, 8.69 and 16.91 
mN/m for native, 15, 30 and 45 min. sonicated samples prepared at a pH of 9, 
respectively.  
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Figure 5.1  Surface pressure of native and 15, 30 and 45 min. sonicated (20 
Wcm-2) BSA solutions as a function of square root of the 
adsorption time (short-term adsorption kinetics) at a solution pH of 
(a) 3, (b) 5, (c) 7, (d) 9, (e) 11. All solutions were prepared at a 
BSA concentration of 1.10-6 M in 0.1 x PBS buffer. pH was 
adjusted using concentrated HCl and NaOH.  
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The change in adsorption behavior of proteins with ultrasonication in the latter stage 
of the adsorption process is shown in Figure 5.2a-5.2e (i.e. long-term kinetics). Here, the 
surface pressure was plotted as a function of the reciprocal of the square root of the 
adsorption time for the native and sonicated solutions. After the equilibrium was 
established, the surface pressure of the BSA solutions was observed to be 15.6, 15.83, 
18.11 and 19.86 mN/m, for native and 15, 30, 45-minute sonicated samples, respectively 
for the longest adsorption time again at a pH of 9. Of all pH values analyzed, pH 5 
yielded the lowest equilibrium surface tension for the native samples (Figure 5.3). This 
result was coherent with previous literature where the surface excess of BSA at the air-
water interface (Lu, Su et al. 1999), initial adsorption rate at the solid-solution interface 
(Elgersma 1992), foaming activity (i.e. surface coverage at the air-water interface) (Yu 
1991) were shown to be maximal around pI (i.e. pH 5). Same tendency was generally 
followed by the sonicated samples. Almost regardless of pH, high-intensity ultrasound 
treatment was observed to increase the surface pressure of BSA solutions and as a 
consequence, both short- and long-term surface activity was enhanced at most medium 
pH (Figures 5.1 & 5.2). It was also coherent with the short- and long-term diffusion 
coefficients (Tables 5.1& 5.2). In both cases, diffusion coefficients were maximal around 
pH 5 and diffusion rate increased with increasing sonication durations. For short-term 
kinetics, acidic samples (i.e. pH 3) were observed to adsorb to the interface and reduce 
the surface tension very rapidly, reaching the equilibrium shortly after that. Basic 
solutions had slightly higher diffusion coefficients in long-term, which were, however, 
accompanied by higher equilibrium surface tension values. 
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Figure 5.2  Surface pressure of native and 15, 30 and 45 min. sonicated (20 Wcm-2) 
BSA solutions as the reciprocal of the square root of the adsorption time 
(long-term adsorption kinetics) at a solution pH of (a) 3, (b) 5, (c) 7, (d) 9, 
(e) 11. All solutions were prepared at a BSA concentration of 1.10-6 M in 
0.1 x PBS buffer. pH was adjusted using concentrated HCl and NaOH 
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Figure 5.3  Equilibrium surface pressure of native and 15, 30 and 45 min. sonicated 
(20 Wcm-2) BSA solutions as a function of solution pH. All solutions were 
prepared at a BSA concentration of 1.10-6 M in 0.1 x PBS buffer. 
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Table 5.1  Short-term solutions for diffusion coefficients for native and 15, 30, 45 min. 
and ultrasonicated (20 Wcm-2) BSA. All solutions were prepared at a BSA 
concentration of 1.10-6 M in 0.1 x PBS buffer. pH was adjusted using 
concentrated HCl and NaOH. 
Short- Term Diffusion Coefficient (m2s-1) Sonication 
Duration 
(min) pH 3 pH 5 pH 7 pH 9 pH 11 
Native 3.66E-09 1.02E-08 2.11E-09 1.34E-09 1.49E-10 
15 5.81E-09 1.32E-08 2.68E-09 2.39E-09 1.39E-09 
30 8.24E-09 2.29E-08 1.63E-08 4.32E-09 2.63E-09 
45 1.85E-08 2.67E-08 2.33E-08 1.55E-08 4.23E-09 
Table 5.2  Long-term solutions for diffusion coefficients for native and 15, 30, and 45 
min. ultrasonicated (20 Wcm-2) BSA. All solutions were prepared at a BSA 
concentration of 1.10-6 M in 0.1 x PBS buffer. pH was adjusted using 
concentrated HCl and NaOH. 
Long- Term Diffusion Coefficient (m2s-1) Sonication 
Duration 
(min) pH 3 pH 5 pH 7 pH 9 pH 11 
Native 2.48E-10 1.81E-09 1.39E-09 9.97E-10 6.2E-10 
15 5.23E-10 4.02E-09 2.16E-09 1.57E-09 1.92E-09 
30 9.22E-10 8.73E-09 3.08E-09 2.7E-09 2.11E-09 
45 1.92E-09 2.03E-08 5.12E-09 4.23E-09 2.4E-09 
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BSA is a soft molecule which unfolds partially upon adsorption at air-water 
interface (Tripp, Magda et al. 1995). Using mainly AFM and FTIR, effect of 
concentration on the adsorption of BSA at solid surfaces was investigated and the authors 
suggested that high protein concentration induced ends-on multilayer packing as a 
consequence of aggregation, whereas at low-concentrations sides-on packing yielded a 
lower surface coverage (Xu 2003). In an independent study, aggregation was referred to 
be a supporting factor for the enhancement of surface activity (de Jongh 2004). 
Aggregation around pI was also suggested to be the reason for increasing foaming 
activity (Yu 1991). In our previous investigations, high-intensity ultrasonication was 
shown to cause formation of weak aggregates via modifications in the intermolecular 
interactions. This might be an explanation for the enhancement in the surface-activity of 
BSA as a consequence of sonication.  
The influence of pH on the surface activity might be related to pH dependent 
reversible isomerizations of serum albumins that were previously reviewed (Peters 1996). 
The appearance of a faster migrating form, F (fast), was reported at pH 3-4. Also the 
change in composition due to pH was suggested to occur according to the following 
equation (Aoki 1957): 
N (normal) + 3H+ ↔ F (fast)  
The large increase in the hydrodynamic volume at low pH was explained by 
electrostatic interactions that were developed due to the large positive charge on the 
protein (Foster 1976). It was suggested that change (i.e. increase in surface concentration) 
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in surface pressure around pH 3 might be a consequence of N (normal) to F (fast) 
transition and acid expansion (Graham and Phillips 1979; Graham and Phillips 1979; 
Graham and Phillips 1979). As it was among the possible changes reviewed (Peters, 
1996), we have observed a dramatic decrease in the solubility of our commercial protein 
around pH 3-4 in a solution of 3 M KCl. Another isomerization observed for BSA is the 
B form at a pH range of 8 to 10. In this case, loosening of the structure is observed 
(Peters, 1996). Loosening of the structure, ionization of albumin thiol around 5-8 
(Pedersen 1980), complete denaturation due to basic pH might explain the enhancement 
of surface activity for pH 3 compared to neutral and basic pH. Note that optimal surface 
coverage is a consequence of optimal folding. Partially unfolded BSA intermediates were 
shown to have a higher surface coverage than native and completely denatured BSA 
(Damodaran and Song 1988). This might be a supportive finding for our previous 
explanation (i.e. molten-globule state like variation in BSA structrure) for the influence 
of sonication treatment on BSA.  
Using the short-term and long-term solutions of Ward-Tordai and Langmuir models, 
short- and long-term diffusion coefficients were calculated. For ideal surfactants, Ward 
and Tordai equation, predicts a linear relationship between (1) the surface pressure and 
the square of the adsorption time in the initial stage and (2) the surface pressure and the 
reciprocate of the square root of the adsorption time in the latter stage of the adsorption 
process (Dukhin et al. 1995). While these asymptotic solutions are not strictly applicable 
to proteins because of their unfolding and rearranging that may occur after adsorption and 
require substantial amount of time, they offer a convenient way of illustrating the changes 
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in surface activity that are caused by the treatment of BSA with high-intensity ultrasound. 
Both figures illustrate that the overall surface activity of BSA increases as the protein 
molecules are exposed to the physicochemical effects of ultrasound, i.e. ultrasonicated 
BSA lowers the surface tension and reaches a quasi-stationary equilibrium value more 
rapidly than native BSA.  
The enhancement in short-term and long-term surface activity of BSA suggest that 
the overall driving force for adsorption increases i.e. the reduction in free energy of the 
system upon adsorption increases. This may be either related to a change in the initial 
state of the protein or a change of the adsorbed state of the protein. The initial state of the 
protein may be altered if the protein is partially or completely denatured, that is an 
increasing amount of hydrophobic groups are exposed to the polar solvent. Alternatively, 
the structure of the protein may be altered through chemical reactions that could be a 
consequence of the radicals generated by the ultrasound-induced cavitation. Indeed, the 
sonication induced changes in BSA structure was investigated in our previous studies.  
5.4.2  Influence of High-Intensity Ultrasonication on Surface Charge of BSA  
The influence of sonication treatment and pH on the zeta potential of BSA solutions was 
studied (Table 5.3). The overall surface charge of BSA above a pH of 5 was negative and 
its magnitude increased as the pH increased. The application of high-intensity ultrasound 
resulted in an increase in the magnitude of the zeta potential. This difference between the 
zeta potential of native and sonicated protein solutions became larger in magnitude at 
higher pH values. Clearly, for the overall charge of the protein molecule to increase, the 
number of charged residues that are present at the surface of the protein molecule and are  
78 
Table 5.3  Zeta potential of native and 15, 30 min. sonicated (20 Wcm-2) BSA solutions 
at selected pH values. Solutions were prepared in HPLC water containing 25 
mM KCl. pH was adjusted using concentrated HCl and NaOH. 
Zeta- Potential (mV) 
pH Native 15 min 30 min 
5 -4.09 -4.47 -5.75
8 -20.38 -20.99 -24.65
10 -25.32 -27.72 -28.15
 
exposed to solvent molecules must increase and through the increasing electrostatic 
repulsions, previously suggested loosening of the molecule should take place (Peters, 
1996). This is coherent with sides on adsorption of BSA and formation of a relatively 
weak monolayer at the interface in the absence of aggregation (Xu 2003), and the fact 
that dissociation increases changes on the surface. 
5.4.3  Free Sylfhydryl Content of Native and Ultrasonicated Proteins 
The influence of sonication treatment in combination with pH on free sulfhydryl content 
of native and 15, 30 and 45 minute ultrasonicated BSA was measured using Ellman’s 
assay (Ellman, 1959) (Figure 5.4). The possible interferences from Ellman`s reagent and 
PBS were carefully analyzed. The free sulfhydryl content for native BSA was 0.74 
mol/mol cysteine equivalency in agreement with literature (Hirose et al. 1990). For all 
samples, maximal free sufhydryl content was observed in pH range between around pH  
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Figure 5.4  pH dependence of cysteine equivalency of free sulfhydryl groups present 
in native and 15, 30 and 45 min. sonicated (20 Wcm-2) BSA solutions. All 
solutions were prepared at a BSA concentration of 3.10-4 M in 0.1 x PBS 
buffer. pH was adjusted using concentrated HCl and NaOH. Possible 
interference signal from pH dependent coloration of Ellman’s reagent and 
buffer were eliminated using appropriate buffer and cysteine blanks.  
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6-7. 45 minutes of sonication treatment at the intensity of 20 Wcm-2 reduced the free 
sulfhydryl content at all pH values, i.e. approximately 25 % at pH 3 and 18 % at pH 7.  
High-intensity ultrasound may produce transient radical species in the gas phase of 
the cavities that cross react to produce hydrogen peroxide. The reaction of hydrogen 
peroxide with BSA molecules may alter its chemical structure which could contribute to 
the observed changes in functional properties. Cavitation-generated hydrogen peroxide 
may oxidize susceptible functional groups, one of which is the free sulfhydryl group of 
BSA. The change in free sulfhydryl content of BSA as a function of sonication time is a 
first indication that some of the underlying structural change in protein functionality may 
be due to complex chemical reactions that involve oxidation of susceptible functional 
groups. As was referred in our previous work, while oxidation of thiol groups typically 
results in the formation of disulfides, the presence of activated oxygen radicals may lead 
to the formation of sulfinic and sulfonic acid (Cecil and McPhee 1959).  
RSH
[O]
RSOH
[O] [O]
RSO2H RSO3H  
Furthermore, disulfide bonds may be directly oxidized with peroxide to yield 
sulfonic acid: 
RSSR
[O]
RSO3H  
As thiol group of cysteine residues is the most reactive group on any amino acid 
(Creighton, 1993), sulfinic and sulfonic acid formation from free thiols might be an 
explanation for our case. It should be noted though that oxidization and breakage of a 
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large number or even all of the disulfide bonds in BSA is unlikely, given the previous 
experimental evidence.  
The cysteine thiol usually ionizes at slightly alkaline pH values with an intrinsic pKa 
in the region of 9.0-9.5 (Creighton 1993)However, ionization of albumin thiol occurs in a 
pH range of 5 to 8 (Pedersen 1980). Dissociation of thiols might have an impact on the 
zeta-potential (i.e. increase in negative charge), even if minor. Upon heating, the content 
of disulfide groups was shown previously to increase as the pH increased during heating 
for whey protein isolate. As the pH increased, more sulfhydryl groups were accessible 
indicating that an unfolded structure of protein molecules (Britten 1994). Negative 
charges developing at high pH were responsible for extended structure of aggregates. 
Aggregates formed at pH 8 were thought to have an open and highly hydrated structure, 
but aggregates formed at lower pH were more compact and less hydrated (Britten 1994). 
Both differences in aggregation and dissociation of thiols at basic pH might elucidate the 
difference in surface activity and cysteine equivalency characteristics of acidic and basic 
BSA solutions. It seems that sonication treatment yielded enhancement in the surface 
activity of BSA and induced subtle changes in its structure among which formation of 
weak aggregates and reduction of thiol content through the above mentioned mechanisms 
might be included. On the other hand, pH also might determine aggregation and cysteine 
content of BSA, but reduction of thiols through dissociation did not enhance surface 
activity unlike reduction through sonication.  
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5.5  Conclusions 
As we have previously suggested, high-intensity ultrasound treatment induced formation 
of weak aggregates via modification of intermolecular interactions and reduced the total 
amount of free sulfhydryl groups most probably via sulfinic/sulfonic acid formation 
reactions in the presence of hydroxyl radicals generated by sonication treatment. 
Aggregate formation might cause a dense multilayer packing at the interface, thus 
yielding a reduction in surface tension. As a consequence, equilibrium surface pressures, 
long- and short-term surface activity and diffusion coefficients increased. Sonication 
treatment and increase in sonication duration was accompanied by increase in surface 
activity. 
As previously established in the literature, pH was effective on surface activity of 
BSA yielding maximal surface activity around pI. Enhancement of surface activity via 
sonication was observed almost regardless of pH. In acidic medium (i.e. pH 3), surface 
activity was higher than basic medium (i.e. pH 9), probably due to N-F transition and 
acid expansion. Basic BSA solutions were characterized by loosened structure, increases 
in the magnitude of surface charge (i.e. zeta-potential), lower surface coverage and 
activity and lower free thiol content. As pH 9 is above pKa for albumin thiol, both 
sonication and dissociation caused reduction in the total amount of free sulfhydryl groups 
in BSA. It is noteworthy that reduction of the total amount of free sulfhydryl groups via 
sonication increased the surface activity at the air-solvent interface, whereas reduction 
through dissociation in basic media decreased surface activity when all other conditions 
were kept constant. 
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6. The Influence of High-Intensity Ultrasonication on the 
Particle-Size Distributions of Whey Protein Stabilized 
Oil-in-Water Emulsions 
6.1  Abstract 
Oil-in-water emulsions (10 vol % corn oil, 2 % (w/v) WPI) were prepared using high-
pressure homogenization. The effects of sonication on the emulsification capabilities of 
WPI were monitored using particle-size analysis. No significant changes were observed 
in the particle-size distribution of emulsion droplets stabilized by sonicated WPI 
solutions. Previously we established that high-intensity ultrasonication might be 
employed as a tool to enhance the surface-activity of BSA at the air-water interface under 
diffusion-controlled conditions. Based on results in this study, we suggest convection-
controlled conditions of emulsification and molecular rigidity may dominate the 
homogenization process. 
6.2  Introduction 
High-intensity or power ultrasound corresponds to application of high energy (low 
frequency) sound waves within the range of 20 to 100 kHz. Recent advances extended 
this range up to 2 MHz for use in liquid systems (Mason and Lorimer, 2001). In 
sonication media, ultrasound can produce very intense pressures and temperatures as a 
consequence of generation and collapse of cavitational bubbles (Crum, 1995) and 
generate free radicals (Roberts 1993). Several possible mechanisms that might induce or 
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initiate chemical reactions were suggested (Henglein, 1987). Recently, the ability of 
ultrasound to alter the functionality of biological macromolecules was reported (Kardos 
2001; Seshadri 2003). 
In our previous studies, we characterized the effects of high-intensity ultrasonication 
on bovine serum albumin (BSA) structure and functionality. Enhancement of surface 
activity at the air-solution interface was explained by subtle changes in protein structure, 
including increase in surface hydrophobicity, total amount of α-helical fractions, zeta-
potential and particle-size and decrease in free sulfhydryl content. A molten-globule like 
state where non-covalent interactions might be the cause of formation of small aggregates 
was suggested.  
The aim of this study was to investigate the influence of high-intensity 
ultrasonication on the emulsification capabilities of whey proteins. 
6.3  Materials and Methods 
Whey protein isolate (WPI) BiPro was obtained from Danisco (Le Sueur, MN). The 
commercial protein had a low content of salt, lactose, and fat. Corn oil was obtained from 
a local store. 5 % (w/v) WPI solutions were prepared in distilled water at room 
temperature and stored at 4 ºC in a refrigerator for 24 hours to ensure proper hydration.  
An ultrasonic processor (Model 550, Misonix Incorporated, Farmingdale, NY) with 
a ½ inch stainless steel probe was used to sonicate 40 ml of 5 wt% WPI solutions in 50 
ml centrifuge tubes that were immersed in a temperature-controlled water bath (Lauda 
RM6, Germany). The solutions were treated at a power setting of 7 for 45 minutes. The 
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ultrasonic intensity of the generated ultrasonic wave at this power setting was 20 Wcm-2 
which was determined calorimetrically by measuring the temperature rise of the 
sonicated solution under adiabatic conditions (Mason et al. 1992).  
WPI solutions were mixed for 15 minutes with corn oil to yield a protein 
concentration of 2 % (w/v) and an oil concentration of 10 vol % in the oil-in-water 
emulsion premix. 300 ml premix was blended using a Waring blender (7009G, 
Torrington, CT) for 15 seconds. Immediately after blending, the premixes were 
homogenized using a high-pressure homogenizer (APV 2000, Siebe Group, Denmark). 
A static light scattering technique (LA-910, Horiba Instruments, Irvine, CA) was 
employed to determine the particle size distributions of emulsions stabilized by native 
and sonicated WPI. Mean particle sizes d32 were calculated. All measurements were 
carried out in triplicate. 
6.4  Results and Discussion 
The effects of high-intensity ultrasonication and high-pressure homogenization on the 
particle-size distribution of whey-protein stabilized emulsions were investigated. In all 
cases, increase in homogenization caused a decrease in particle-size (Figure 6.1a and 
6.1b). There was no significant change for the emulsions that were prepared using 
sonicated WPI solutions compared to emulsions prepared with native proteins. At a 
homogenization pressure of 10000 psi, the mean particle size was 1.25 µm and 1.23 µm 
for native and sonicated WPI stabilized emulsions, respectively. The influence of the 
number of passes (i.e. number of times the same pressure applied) in combination with  
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Figure 6.1  The effect of homogenization pressure on mean particle-sizes of 10 vol % 
corn oil-in-water emulsions stabilized by 2 wt % WPI and homogenized 
using a high-pressure homogenizer. The homogenization pressures ranged 
between 3000–12000 psi. Homogenization pressures were plotted vs. 
mean particle size (a) at a normal scale, (b) at a semi-logarithmic scale 
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high-intensity ultrasonication treatment was studied at 6000 and 12000 psi (Figure 6.2a 
and 6.2b). Regardless of the number of passes, 12000 psi treatment yielded lower 
particle-size than 6000 psi. Increasing number of passes were accompanied by decreasing 
particle-size. However, particle-size of the emulsions was not affected by sonication. 
After three passes at 12000 psi, the mean droplet diameter were 0.55 and 0.56 µm for 
native and sonicated protein stabilized emulsions, that is they were virtually identical. 
Previously, our adsorption kinetics experiments that were carried out under diffusion-
controlled conditions for sonicated BSA solutions showed enhancement in surface 
activity in air-water interface. However, this was not reflected by emulsification activity 
and/or emulsification capacity of WPI in a high-pressure homogenizer. A possible 
explanation for this could be that the high energy input during high-pressure 
homogenization causes the coverage of the newly formed emulsion droplets to be a 
convection controlled event, rather than being diffusion controlled one (Walstra 1983). 
Under a diffusion controlled event, surface hydrophobicity becomes one of the dominant 
factor behind adsorption and enhancement in surface activity was observed. However, it 
was shown that dimethylsuberimidate (DMS) modification of legumin yielded a higher 
short-term surface activity, but also a higher energy barrier for adsorption, thus 
decreasing its foaming and emulsification capabilities. The authors suggested molecular 
rigidity to play a more significant role than surface hydrophobicity Modification of 
legumin with DMS is known to increase molecular rigidity and surface hydrophobicity 
(Krause, Dudek et al. 2000). There have been cases where an inverse correlation was 
reported between emulsification activity and surface hydrophobicity (Shimizu 1985; 
Were 1997; Molina 2001).  
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Figure 6.2  The effect of number of passes on mean particle-sizes of 10 vol % corn 
oil-in-water emulsions stabilized by 2 wt % WPI and homogenized using a 
high-pressure homogenizer. The particle-size distributions were analyzed 
for pass numbers from 1 to 5. Number of passes was plotted vs. mean 
particle-size at a homogenization pressure of (a) 6000 psi, (b) 12000 psi.
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The authors suggested molecular flexibility (i.e. denaturability at the interface) to be 
more effective on emulsification than surface hydrophobicity (Shimizu et al. 1985). 
However, in most cases, any increase in surface hydrophobicity is expected to improve 
emulsifying efficiency for whey proteins and in one particular report; aggregation of the 
proteins was suggested to cause a loss in functionality (Nakai and Modler 1996). In 
addition time-scales of the droplet surface disruption in a high-pressure homogenizer are 
in the range of a few milliseconds. The difference in short term surface activity may not 
be long enough to cause any significant differences in the amount of sonicated or native 
protein that adsorbs to interfaces. However, sonicated proteins may have increased 
foaming activity due to increased surface activity at the air-water interface and surface 
hydrophobicity, and also increased gel rigidity due to aggregation, a fact that will have to 
be investigated in the future.  
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7. Conclusions 
In addition to their nutritional value, proteins act as functional ingredients in food 
systems. Interfacial activity is the manifestation of protein functionality in systems that 
contain dispersed phases and is related to the amphiphilic nature of proteins. In many 
studies; biological, chemical, physical agents and treatments were previously employed 
to provide a supply of food proteins with enhanced functional properties including 
interfacial properties. After our investigations with a model protein, BSA, we conclude 
that high-intensity ultrasound treatment may serve as an additional processing technique 
that might alter functional and structural properties of the proteins. 
At neutral pH, the surface activity of BSA was observed to be enhanced at the 
solvent-air interface due to sonication and there was an increase in this effect as the 
sonication duration increased.  A series of structural examinations were carried out to 
justify the change in surface activity. There was no change in denaturation temperature of 
the protein, but there was a slight decrease in the denaturation enthalpy which implied 
BSA required less heat after sonication treatment. Surface hydrophobicity was shown to 
increase when a fluorescent probe that carried no surface charge was used. Surface-
charge of the molecule increased significantly both with sonication treatment and 
increasing pH, but the isolectric point of the protein did not shift. Under non-denaturing 
and non-reducing electrophoresis conditions, no significant difference between the total 
amounts of BSA monomers and dimers for native and sonicated samples was observed. 
Furthermore, there was a decrease in free sulfhydryl groups due to sonication and the 
magnitude of decrease increased with the increasing sonication durations. This was also 
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accompanied by the increases in particle size after relatively longer durations of 
sonication. As no additional dimerization was observed besides the already existing 
dimers, change in particle size was attributed to possible changes in molecular 
interactions. Circular dichroism spectroscopy suggested increase in the amount of 
secondary structural elements, namely α-helical segments, when sonicated samples were 
compared to native ones. FTIR evaluation of sonicated samples provided supportive data 
for the increase in α-helical segments. The observed changes were suggested to be the 
explanation for the observed increase in surface-activity. Finally, a stable ultrasonically-
induced intermediate state like was suggested for sonicated BSA, one that had subtle 
structural changes (i.e. increase in order, surface charge, size and hydrophobicity, 
decrease in free sulfhydryl content) that may have led to formation of weak aggregates 
due to modification of non-covalent molecular interactions. A series of reactions was 
suggested to account for the decrease in free sulfhydryl. 
Based on the published literature, BSA has a maximal activity around the pI, which 
is related to the pH-dependent isomerization states of BSA. pH-sonication experiments 
showed that the interfacial activity monitored via drop shape tensiometry increased 
independently of pH, when sonication treatment was carried out. Increasing sonication 
durations generally increased interfacial activity. For all samples, increasing pH also 
increased the magnitude of the zeta-potential which is related to the increased exposure 
of charged groups to the surface of the molecule. Both basic pH and sonication treatment 
reduced amount of free sulfhydryl. High-intensity ultrasound treatment may have induced 
formation of weak aggregates via modification of intermolecular interactions and reduced 
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the total amount of free sulfhydryl groups most probably via sulfinic/sulfonic acid 
formation reactions. These reactions might be initiated in the presence of hydroxyl 
radicals that were generated by sonication treatment. pKa for albumin thiol is around pH 
5-8, and the dissociation may hence have contributed to the reduction in the total amount 
of free sulfhydryl groups in BSA in turn influencing the zeta-potential. It should be noted 
that reduction of the total amount of free sulfhydryl groups via sonication increased the 
surface activity at the air-solvent interface, whereas reduction through dissociation in 
basic media decreased surface activity when all other conditions were kept constant. 
Previously aggregate formation was suggested for BSA as a factor that enhanced surface 
activity. This suggestion was also coherent with the non-covalent interactions based 
aggregation suggested in this study and isomerization states of BSA. 
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